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PREFACE

This report, comprising the doctoral thesis of Louis Baker, Jr.,

represents a study of ignition delay -when fuels and oxidants are contacted,

'with special emphasis on mixing. The report includes the design of an

apparatus to contact the reactants rapidly, to mix efficiently, and to

record ignition as a function of time. As mixing cannot be studied solely

as a function of ignition, the apparatus also permits measurement of the

injection rate and the change in pressure with time.

The systems studied were hydrazine and nitric acid; hydraz~ne,

ammonia and nitric acid; aniline and nitric acid; and hydrazine and hydrogen

peroxide.

In the event that the design details of the reactor are of inter-

est to other workers in this field, copies of the detailed working drawings

may be obtained at a nominal cost from the Department of Chemistry of

Illinois Institute of Technology, upon request to the Office of Naval

Research, Chicago Branch Office.
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ABSTRACT

A constant volume reactor was designed in which it was possible to

contact and mix nearly equal quantities of two liquid reactants in a few

milliseconds. The apparatus was suited for the study of self-igniting

fuel-oxidant mixtures. It was possible to vary the reactant ratio, the

mixing pattern, and the ambient temperature.

The reactions were studied by four techniques: (1) simultaneous

measurement of the transient pressure and the light emitted by the

reacting mixture, (2) simultaneous measurement of the transient pressure

and the injection rate, (3) measurement of the final pressure of the

product gases, and (4) chemical analysis of the reaction products.

The transient pressure measurements were made by means of a strain

gage, the output of which was amplified electronically by a method due

(- to McKinney. The light emission measurements were made by means of

three photoelectric circuits; each employed a vacuum phototube as the

sensing device. The injection rate was measured by a photoelectric

timer. The data from the electronic measurements were recorded on film

by photographing the screens of two oscilloscopes simultaneously.

The transient pressure was found to oscillate about a mean value

during the early stages of a reaction. It was found necessary to

attenuate the vibrations by placing obstructions in the piping connect-

ing the strain gage with the reactor. It was suggested that the

phenomenon might set an upper limit to the speed with which chemical

reactions may be followed by measuring their pressure.

The reactions studied were: (1) the reaction of sodium-potassium

alloy with water and ethanol, (2) the reaction of hydrasine with nitric

vi



acid, (3) the reaction of aniline with nitric acid, (4) the reaction of

) hydrazine with hydrogen peroxide, and (5) the reaction of hydrazine,

liquid ammonia mixtures with nitric acid.

The two pressure peaks observed by McKinney for the reaction of

sodium-potassium alloy with excess water in McKinney's reactor were ex-

plained in terms of inefficient mixing and an explosion occurring between

the bydrogen produced by the reaction and oxygen originally premnt in the

reactor atmosphere. The reaction of equal quantities of the reactants

showed only a single pressure peak corresponding to the simultaneous

evolution of hydrogen and the hydrogen, o.ygen explosion.

The ignition delays of the fuel-oxidant systems were measured and

found to be less than three milliseconds for every reaction studied. The

delays were lower than those reported by other investigators who employed

mixing methods where the efficiency of mixing was most uncertain. The

short delays were attributed to (1) the rapid rate of mixing in the appar-

atus and (2) the impact and turbulence associated with the mixing process.

There was a negligible effect of the reaction temperature or of the

hydrazine concentration on the ignition delay of the reaction of nitric

acid with liquid anmonia, hydrasine mixtures. This result was more

indicative of ignition by impact than it was of ignition controlled by

the rate of a homogeneous chemical reaction.

An analysis of the products of several reactant ratios of the

hydrasine, nitric acid reaction was made. The results were compared

to the products expected from thermodynamic considerations. It was

shown that the reaction had been quenched short of completion. The

observed products have been discussed in terms of the possible inter-

mediate stages of the reaction.
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CHAPTER I
IKTEWUCTION

Certain, liquid fuels when brought Into contact with strftg oxidisiug

agents *ill ignite spontnously. Tke Ignition of -such asuteau OWy take

place instataneously then the liqvids are first brdxght into 'cfttact or

there may be a time delay. lost of 'the studies of the ignition delay in

suh Uysteme have eplX~qtd methods designed to simulate conditions met in

a rocket aotor* In a'typical rocket taor the two reaotmnts are contacted

bV the iupin~esont of a number of fuel and oxdant streams in -a relitirs2y

unconfined area. By such nasuresnts it does not se, possible 'to

differentiate between the delay created by the time required to achiaee

efficient *.ii d Yg and the delsy caused by an actual chemical induction

period*

Methods have been devised to achieve the cosplete zing of uaeful

amounts of two liquids in a very short tipe.. The work of Roughton,l

Cac2and M*lOliny 3 has proven. oonclusive3y that it is possible tvi

effect the complete interiiiig of two liquids and boomn obieelation of

the resulting mixture only a few msec. (AMilliseconds) after the Initial

contact. Thesemethods havye never boen applied to the study of the

Ignition of fuel-oxidant mixtures., 'The pre~mt research is an atta~pt

to apply the *4dng methods of Roughton, Mumsc and McKinney to the'

problem of 'the self-ignition of fuel..xidant systems and to -study the

associated e~luuive reactions.

The system, nitric acid - hydrasize, Is of particular interest.

This reaction wa chosen as the main subject of the present research.

*Fo all numbered references, see bibliograpkW,
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It was believed that the use of an inorganic fuel would be more suitable

for an exploratory study of this nature.

Reactions of Ib sine and Nitric Acid

There appears to be very little information in the literature regard-

ing the reaction between concentrated solutions of bdrasine and nitric

acid. Dilute solutions of the two will react to form the salt bydrasine

nitrate which can be crystallised from the aqueous solution. Both a

mononitrate and a dinitrate exist. The mononitrate is quite stable. It

has been heated to 30000 without decoaposition.4 The stoichiometry of

the thermal deccaposition of the mononitrate is not fu32y understood.

Hodgkinscn5 found deco,' t ' °  to nitrogen, nitric oxide and water in a

vacuum at 2000; -eenanL) found nitros oxide to be one of the principal

products. Fydrasine nitrate has been found to be much more suceptible

to explosion Uan amoiuni nitrate. When hydresine nitrate is heated

with dilute slfuric. acid some hydrogen aside. is formed.k The oxidation

of bydrazine sulfate with strong nitric acid has also been show to

yield some droen aside.

The oxidation of bydtasine in dilute aqueous solutions has been the

subject of many investigations. The oxidation by bydrogen peroxide has

been shown to yield hydrogen azide under certain conditions along with

nitrogen and water. Gordon7 in a recent kinetic stuy has proposed the

following mechanism for the oxidation in dilute alkaline solution:

(1) a. 250 + H22 N2H00H + 20

b., kOHNH + 21*20

c. NA3 + H2 02 - ~4 2 + 2



The salt N2B5OOH is an unstable intermediate, the decomposition of -which

in the rate determining step. The subseqaut oxidation of the diiside

is supposed to be very rapid. In this stu4W Gordon found no hydrogen

aside, or. aimmonla in. the reaction mixture.

Oxidizing agents which can react with acidic solutions of hydrazine

can be grouped Into three categories:8 '9 (1.) those that accept only one

electron, (2) those that accept two electrons, and (3) thos iv oliig

a stepwise oxidation throvugh se'veral intermediates in-vwhich both one and

two elw~roi are transferred. It has been found that hydrogen amide is

formed! onl in reactions involving group (2) or (3) oxidizing agents.

Both nitr~rh acid and hydrogen peroxide'are in one of these two group.

because of their known tendency to form hydrogen aside. Oxidising-agents

of group (1) such as cupric ion or ferric ion are supposed to'"readt"

( according to the fellowing scheme:.

b. 2 N23N41

c. N4l 6  - 1 2 + 2NH,3

In the atua reaetctinaitne the.tdioof .nitroge. to amonia asq

deviate..considerably-fron -that- 4ndi cated, by Eq. 2c becauap of side roe-

tions characteristic of the particular oxidizingI agent,. Oxidizing agents

of group (2) are thought to react through the diiaide radical according

to Eq. 3:

(3) N2H5+ - N2 H2  + 3?A + 2 e

The diiside radicals can condense with each other or with hydrazine to

fform higher hydronitrogens som of which~ can decompose to yield hydrogen

aside as well as aunonia and nitrogen. Tetrazene is the most logical
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hydronitrogen to be fomed Ia dii ude radicals. Triazene could ooocairo-

t a~y' be formed from oh .dilvide radical and an imide radical resulting

from the possible dissociation of diUiide. The Only known organic 1,dro-

4nitrogen that can decompose to yield derivatives of bydrogen aside are

the isotetrasenes. It is therefore reasonab p to assme that isotetra.

senes are also intermediates in ox!Ldations involving two eleatron steps.

A great number of studies have been made of the decomposition of

gaseous bydrasine. Eydraine has been found to decompose into varying

amounts of nitrogen, bydrogen and amonia, The only study of the thermal

decoposition of bydrasie in ihich the decouposition was claimed to be

homogeneous was one due to Sswarc. 10  The primary. stp iA represented by

(4s). N2 - : 2 NH2

jv4Th e estnainrdilswr eodb ratnwiktoluene. The

decomposition, however, was carried to a very slight extent to avoid

side reactions. The catalytic decomposition on silica was shown to

follow Eq. 5:

(5) 3 N2 H-- 49 3  +N

Decomposition on a hot platinum or tungsten wire was shown to yield

bydrogen, nitrogen and amonia according to Eq. 6.1

(6) 2 N2 H -2 NH3  + R2  + H2

A recent study of the thermal decomposition of nitric acid vapor

was made by Johnston. 1 2 , In this study rapid flow techniques were used

to determine the kineics of the decomposition reaction. The proposed

Mechanism is as follows:

I1



ta
(7) a3 Mo3 --L N 2 + OH

b. O +

c. oH to 3 -H H2 o + N o3

d. 103 + N02 - N2 + 02  + 10

e. N3 + NO -.- 2NO2

The observed kinetics are in agreemnt with this scheme and can be

represented by Eq. 8:

dt . a(o 3)  b'(No2)1 +dc (ho 3 )

The net reactin . given by Eq. 9:

(9) 4 H903 W4 N02  + 2 H2 0 + 02

Eq. 9 also- described the decomposition that occurs when liquid,

anbydrous nitric acid is allowed to stand for long periods of time at

room temperature or highar. Reaction 9 is known to be readily revers-

ible; the equlibrium constants of Reaction 9 have been calculated by

Forsythe and Giauque.1

A great deal of work has been done to determine the nature of

nitric acid solution 1s particularly with regard to aromatic nitration.
15

It is general3y conceded that the nitroniun ion NO2+ is the nitrating

agent in a large number of nitration reactions. In a recent cryoscopic

stu* of pure liquid nitric acid, Dunning and Natt 1 6 have estimaited

that there is about 8% of dissociation products present in aquilibrum

at room temperature, The known dissociation equilibria are given in

Eq. 1o:
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(10) a. 2Ho, 9 20 + N205

b, N20 + NO~

" 13 + oH 2 0 _ H3o + N03-
d. 2HE3  N 1203 + No3-

llamas. and. Ex~oin of gdaine

The decomposition of Iydrasine can give rise to ..a. flame even in the

absence of an oxidiser. The explosive decoposition of gaseous hydrasne

was studied by Bamford. 1 7 He found decomposition to take place according

to Eq. 11:

(fl) 5 N2 H4 1 .- 41.1*3 + 13 N2 + * H

Th. first successful attempt to stabilize a hydrazine decomposition flame

was made by Mra and Hall. They fovnd the decopoattion to proceed

according to Eq. 12:

(12) 2 N2 H -- ) 21*3 + N2 + *

They studied. the M velacty" of. the hydrasine decapositia flame for

gaseaus .bydrin, _water.ixtures. They also.Atudied.the. flame velocity

of the bdrasine, oygen flame; the amonnia, oxygn flame; and the flame

produced when a 2:1:1 mixture of ammonia, nitrogen and hydrogen burns in

o3Wgen. They proposed that in the came of oxygenated flames the bydrazine

is decomposed according to Eq. 12 before it reaches the flame front; the

resulting ammonia and bydrogen then react with oxygen in the flame front.

The authors hoped to prove this hypothesis by studying the coubuation of

the ammonia, nitrogen and bydrogen mixtur e. The results, however, were

Inconclusive. The authors calculated the adiabatic flame temperature
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_ for the bydrazine decomposition flame according to Eq. 12 and found a value

of 16600C. They also calculated it on the basis that decomposition pro-
duced only nitrogen and bydrogen and found a value of 110000. They

measured the flam temperature crudely with a thermocouple and found a

value intermediate to those calculated. However they expected a measured

temperature of several hundred degrees below the true value because of

the large, size of the thermocouple.

It is interesting that ammonia should.. persist- at these temperatures

because of its high temperature instabUi.. Tanner 1 9 found ammonia to

decompose only 4% paer sec, at. 9000 C in. a tube. whxiah certainly had a

cataytic surface, Wolfhard and Parker 20 found ammonia as such in

diffusion flames up to 21L000 0 by a spectroscopic method, The persistence

of ammonia at such high temperatures indicates that the homogeneous rate

of the thermal decomposition of amonia may be very low since reaction

conditions in a carbon free flame are essentially homogeneous.

Ordinarily the final products of a high temperature decomposition

such as the hydrasine decomposition or of a combustion reaction such as

that between bydrauine and nitric acid would be expected to be those

predictable from thermodynamic considerations alone. By a simple thermo-

dynamic argument it can be shown that temperatures as high as 30000 " can

be expected from the reaction of nearly equimolar amounts of anbydrous

bydr dne and. adydrous nitric acid.* It must be assumed that the reac-

tion is carried out under adiabatic conditions. At such high temperatures

the rates of almost any possible gas reaction would be expected to be very

high so that a condition of complete thermodynamic equilibrium should

V*

* Sample calculations are given in Appendix IV for certain cases of the
hydrasine, nitric acid reaction.
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result unless the gases are cooled very rapidly. The temperature that is

expected to result from the adiabatic reaction of two combustibles lead-

ing to complete chemical equilibrium is usual73 referred to as the

adiabatic flame temperature.

The practical calculation of the adiabatic flame temperature can be

very complicated. One first calculates the relative atomic composition

j. of the reactant mixture. By a trial and error procedure one can then

determine the equilibrium composition of the mixture at arW assumed high

temperature. It remains to calculate the heat evolved by an assumed

reaction between the starti g materials leading to the trial compositionj,

the entire reaction taking place at the original temperature of the

starting mteriala. The heat mequirad. to bring the reac-tion products to

the assmaed high temperature is then. calculated- using specific heat, data.

(_ hen the correct high temperature has been assumed, the heat evolved by

the reaction will just equal the heat required to bring the products up

to the high temperature. The calculation is somewhat more complicated

when the total pressure of the final products is also unknown.

It is obvious that in the case of nitric acid vs. bydrauins only

simple compounds such as water, nitric oxide, the elements and certain

radicals are thermodynamicaliy stable at such high temperatures. When

the final products of such a reaction are cooled to permit ana3ysis, the

composition will in general be changed soewhat because of radical

recombinations, etc.

The adUbatic condition can be very nearly realized in the labora-

tory in the case of the explosions of gases. This is usually accomplished

by igniting the gas mixture in a spherical, constant volume bomb. If the

gases are ignited at the center of the spherical chamber, the explosion

front will move radially toward the chamber walls. It is obvious that
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no heat losses can occur until the. hot front reaches the chamber wall;

at this point, however, the. reaction. is complete . y using a rapid
pressure recording method it is possible to measure accurately the

pressure maximu corresponding to this condition. Since the mximum

pressure is calculable with thermodynamic data it is possible to obtain

thermodynamic information from the study of such explosions. 21

Ignition Delay Studies

Most of the impetus for the study of the ignition delay time of

liquid fuel-oxidant systems is due to the potential use of such systems

in rocket motors. Systems which do not ignite spontaneously can be used

successfully in rocket motors if some external means of ignition can be

found. From a practical standpoint, however, it is preferable to employ

a system that will ignite apontaneously. In. uch a rocket motor it is

imperative that ignition takes place in.a. vex. saort tine.-after the con-

tact of the reactants. An excessive delay will cause the unreacted

materials to accumulate in. the motor chamber; ignition could then cause

a destructive explosion. For this reason the study of bypergolic

ignition (self-ignition) is of great practical importance in the field

of rocket technology.

Some of the experimental variables which must be controlled for

the precise measurement of ignition delay time include: (1) the

reactant ratio, (2) the time required to effect complete mixing, (3)

the chemical composition of the reactants, (4) the ambient temperature,

and (5) the ambient pressure. It is of interest to see how these

variables have been controlled in the previous investigations of

ignition delay.

A method which has been widely used to moasure ignition delay
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times in usually referred to as the "drop test" or the "open cup tent".
22

In this test the fuel is usually contained in a metal cup; one drop of

the oxidizer is allowed to fall into the cup. Various methods are

employed to measure the time delsq between the first contact of the

fuel with the oxidizer and the onset of 1inosity. Methods ranging

in coplexity froa an observer with a stop watch to an elaborate system

of photoelectric cells have been used to record the delay time. High

speed motion pictures are also comonly used in this. connection. In a

test of this type there is no way of determining the effective reactant

ratio at the time of ignition or to ascertain the completeness of Mixing.

The method is of value for the rough screening of bipropellant pairs.

A highly refined open-cup testing apparatus has recently been

described by Gum.23 In this apparatus the oxidizer is contained in a][( thermostatted reaction dish. The fuel is originally contained in a

welt-lipped cup located above the reaction dish. The weir-lipped cup

can be rotated, pouring the fuel out of it in the form of a thin sheet

into the reaction dish. The thin sheet of ftel then contacts and

slowly mimes with the oxidizer and chemical vaction ensues. The

ignition delay is defined as the time inte-'a. between the first cn-

tact of the. reactants and the instant that vi,,Ible light emission

begins. The delay time is measured by an ingo, nous electronic timer.

The weir-lipped cup and the reaction dis)h forix the plates of a condenser,

the capacity of which is abruptly altered wheil1 the fuel contacts the

oxidizer. This capacity change is converted ,i to a small voltage pulse

that triggers a single sweep generator. The output of the single sleep

generator is fed to the horizontal plates of a cathode-ray oscilloScope.

( The beginning of visible light emission is sensed by a phototube, SMpli-

fier combination the output of which is fed to the vertical plates of
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is connected to a sinusoidal oscillator of accurately known frequency.

The oscilloscope trace is then a series of dots9 the recording of which

is accomplished by photographing the screen of the cathode-ray tube.

Counting the number of dots from the start of the trace to the point at

which it is vertically deflected gives the ignition delay.

The data obtained with the refined open-cup apparatus were found

to be accurately reproducible. The systems nitric acid vs. aniline,

nitric acid vs. furfuryl alcohol and nitric acid vs. aniline, furfuryl

alcohol mixtures were studied. The system aniline vs. anhydrous nitric

acid showed that the longest ignition delay was 0.41 second at room

temperature. The system red, fti ig..nitric. acid.a. aniline was found

to have an..ignition. delay.. of ahout._90 .sec..*'in the. temperature range

( 15 to )400C however, the delay rose.. sharply below 15.C reaching 200

mSeco. at 00C. There was a similar sharp increase of...the ignition delay

of the system white fuming nitric acid* vs. farfuryl alcohol as the

temperature vws dereased. At 25°C the delay was about 36 mseco9 but

at -150C the ignition delay was found to be about 180 msec. The author

suggested that the sharp increase of the ignition delay was due to

decreased mLing efficiency at the lower temperatures due to the rapid

increase in the viscosity of the fuels as the temperature approached-

their freezing points.

It is apparent from the description of this method that there is

no experimental control exercised over the reacta. ratio or the mixing

I 'efficiency so that any effect of a change of the chemical reaction rate

is masked by the iui~dng effect.

*The compositions of red and white fuming nitric acid are given in

Appendix ITI.
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-astudy of the ignition..deW.. of .thG.sAtmayren s ir~

acid, furftryl alcohol vs. nitric acid and liquid ammonia bydwas' It MIz-

turea vs. nitric acid was made by the M. W. Kellogg Co. 2 2  The rwatioe

ware carried out in a smanl rocket motors In this motor the relwt

were contacted by the impingemesnt of a single fuel stream with v girgie

oxidant stream. The jets were located at mne end of a cyliidriU Va

combustion ckamber; at the other end was a simple convergent nwisie, Lki

one of the motors used by Kellogg the combustion chamber was maete of

glass; the time from propellant entry to ignition was determinar" by- ama

of high sped motion pictures. In another apparatus the chamber was made

of metal; the start of ignition was deterined by a prwssure rl,;-e, wthod,

The moment of impingenent was. recorded by oscilloaopge photogruqby,

advantage. being .taken of .the elecotrical- coniativIty of. the re.aotaxts.

* ( The moment of -ignition-waa. recorded ty meana. of. a capacitance -NMe

r pressure. gage an~d aabociated electronic .apparatus . . A. ewpacitayw~e gage

employs a pressure sensitive diaphragm;j notion of the diapbraga causes

a capacity change between the diLaphragm and stationary gage elements.

This capacity change can be converted electronically into a voltage

change. Provisions were made to cool the entire apparatus to teampex%.

tures as low as -50 C. The reactant ratio could be varitd b7 changing

the diameters of the injection jets, allowing more or laiw of one iwac-

twit to stream. into tW motor chamber.

The results obtained 'with the small rocket motor wera not #intirely

reproducible. The nominal values obtained for the ignition d'lqIa for

optimum test conditions are given in Table 1. Ignition Utort were also

made for the sstem white fuming nitric acid vs. liquid azaor La,

(_ hydrauine mixtures. These teats more made in a larger rocket motor at,

room temperature an onlyJ qualtative observations were ae. Smooth
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i

22I " b1.~ ~o t f~e3.~ in a Small Rockat Motor

Reactants Tempe rature, Ignition Der.q,
in 0C in mec.

"Ay d . " 
... ...

Wovzine 96% - RFl 21 3.11 1.1t

Firazine, 96% 21 5.o I 1. ,

i furyl alcohol - UM 21 16.6 1 2.4
Ifury~l Icohol - A -29 22 to 40

Jfdrasine, 71.5% - R -48 ca. 37
Amonia, 14.1% bydzine - RA -36 6 to I(
Awonia, 9.5% bydrasie - R -35 to -4o ca.

P~ant 5.0% Wwxa~ie - MU -37 to -737#

S" RMi , red fwAu nitric acid, 24% No
S/). ~r*WMA, white fmng nitric .acid, 96% 2y

# Sporadic ignition..

!/

ii
f,,J,

Ai

K"I
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ignition was found for bydrazine contents as low as 4.3%. When the hydra-

sine content was reduced to 2.2%., there was a noticeable ignition delay

which resulted in damage to the motor. Although somewhat different delay

values were obtained for differing reactant ratian, the poor reproduci-

bilit of the data appeared to mask the effect of, this variable.

An ignition delay tester which was very similar.. to a rocket motor

was described by Broatch.24 In this apparatu& contact was also made by

the impingement of two streams; howeyerq, the ccbustion chamber was cut

away to allow visual observation. The delay time again was considered to

be the time difference between first contact and the moment of visible

light emission.

In a given rocket motor the reactant ratio uniquely determines the

conditics in the steady state, i e.., the flame temperature, the chamber

(presaures, reaction products, thrust, etc. The effect of the reactant

ratio on the ignition delay tim., hovever, is not clear when the condi-

tions of mixing are unknown as they appear to be in a method involving

the impingement of streams in an unconfined area. If the cmplete

intermixing of a. fuel-oxidant combination could be effected in a time

very short caqmaed to the ignitim delay time of the mixture then the

measured delay would be the true "chemical delay" or induction period.

One would expect a change of the reactant ratio to lead.to a different

chemical delay time. Vhen ignition takes plact before the ixing is

ecmpleted, it cannot be known what the local reactant concentrations

were in the fluid element which first exploded, igniting the remainder

I of the mixture.

An exaple of the delay due to incomplete mixing is found by co.

( paring the results obtained by Gum with the refined open.-cup apparatus
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Cwith those of the Keflog Co. using the impingeumnt method. The ignition

delay of the system furfuryl alcohol vs. white fuming nitric acid was

found to be 36 msoec. at room temperature with the open-cup apparatus and

16.6 use. br the impingement method. At -150 C the open-cup apparatus

gave a value of. 180 msec. while at -290C the impngement method gave a

value of only 22 to 40 me. The impingement method would be erected

to yield more efficient miing than the open-cup method because of the

greater turbulence and impact associated with impinging streams so that

a lowered ignition delay should result.

It was believed at the beginning of the present study that a fumda-

ental approach to the phenomena of ignition delay was possible only if

a mixing method could be found in which complete mirin is accomplished

in a time short compared to the ignition delay values. Such a method

is that devised by Roughton. Chance and McKinney.

Rapid Miing Studies

The first comprehensive study of the efficiency of the rapid mixing

of two aqueous. solutions was made by HartrIdge and Roughton. 1  They were

interested in. mixing in order to.. study ..the- kinatics of.rapid reactions in

solution. The basic .scheme of the method.waa.to, contact two reactant

streams. in..a confined area,,. .Smral miing patterns were tested. The

most efficient one was found to be a "T" shaped -ir..; the reactants

each. entered one.leg. of. the "T" and the mized solution. emerged from the

Ithird leg. The passages through which the solutions entered the mxzer

were called jets while the passage through which the mirsd solution flowed

was called the observation tube. Two arrangements of the jets were found

to perform about equal well at high flow rates. In one of these the

jets were directly opposed to each other while in the other the jets were

--.,
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directed tangentiafly into the observation tube. The tangential arrange.

sent was found to be better at low Ilow rates. Some of the methods used

b Harbtridge and Roughton to test t1e nixing efficiency of such a mixer

wl be briefly reviewed in the following paragraphs.

In one m43n test 0.01 N HC1 was reacted with 0.01 N NaOH contalning

phenolphthalein. The. solution in the observation tube was. s ghtl ccloredl

however, when same was collected and allowed to. stand the color disapyeared.

The flow rate of the alkaline solution was then diminishd... until the ctolor

inL the observation tube Just. disappeared. A sample of the.- outflow in this

case had a final pH of 5.6... Assuming that the chemical reactions are

infinitely fast in this case, it is possible to calculate the mi3dn error.

It is necessary to assume that some color still reains in the cbservation

tube. The authors estimated that at the worst 1% of the phenolphthalein

was colored in the original stream. Since phenolphthalein is colorless

below a pH of 9.6, they assmemd that the colored portion of the stream was

made up of 1% uumIzed alkali having a pH of 9.6; the bulk of the solution

had a pH of 5.6 so that the efficiency of ixin in the observation tube

was

5o.o3 5o.013

where 49.97/50..03 is the miring.ratio necessary to produce a pH of 9.6

and 49.988/50.013 is- -the ratio necessary to produce a pH of 5.6. kder

these unfavorable- asumptions the fluid. at the exit.. frm the mizer had

the following composition:

1% is mixed 99.8% (pH 9.6)
1% is. mixed 99.8% (acid predominating)

98% is mixed 100.0%

L. ,-.
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(- In a later stud by Roughton2 5 and in one by ERoghtm and Millikan26

another mixing test was employed. This method dependa upon the fact that

the amount of heat liberated by a chemical reaction is a measure of the

amount of reaction. In this test a very fine thermocouple is inserted

into the observation tube so that temperature rear-n'ement is possible at

a point in the tue, Th reaction of NacH with Hcl, which wa, considered

to be in initely Yapid, vaa ru in the u Th , rise was

measured durin steady-ete f lny conditiois at a number of p.. at

varying distances from the mixer. A a iufificient distance domistream the

temperature rise reached a constant value corresponding to complete mixing.

The percentage of this total temperature rise measured at some point near

the mixer was then equal to the percentage ccmpetion.of the mixing at

this point. The quantitative results obtained by this rnthod will be*

discussed in. a later paragraph.

A great number of successful kinetic..studies of reactions in solution

were made by the method. of Hartridge. and Roughtono. A .number of different

methods were used to determie the extent of reaction .at points in the
observation tube. The results obtained by various investigators for the

velocity constant of the carbonic acid decomposition are shown in Table

2 in order to illustrate some of the analytical methods that can be used.

Table 2. Values of k, the Velocity Constant of the Reaction26

HC-3 C02 + %o

Value at 180C
Method in sec.o

Thermal 12.1
Conductivity 12.7
H2 electrode 10.2

{ Colorimetric 12.9

Ll ii -i]i
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A thorough :analysis of the flow method for use in kinetic studies

vu mad* by Chance.2 His analysis included a study of the power necessary

to drive solutions through NT" type mixers as wvll as the xing efficien-

cies obtainable by the method. Chance used the photoelectric recording

method exclusive y, studying reactions accompanied by a color change., In

this method a light bean is passed through the observation tube; the

amount of light absorbed by the mixed solution is a measure of the extent

of reaction, Chance found that at high flow velocities a phenomenon known

as cavitation made photoelectric measurements impossible. Cavitation in

a separation of the fluid elements of the stream caused by extree

turbulence resulting in optical inhomogeneity. Chance found that the

angle the jets made with the observation tube had an important effect on

this factor. By using a compromise between the tangential arrangement

C and directly opposed jets, flow rates up to 2300 ca. per sec. could be

used before cavitation interfered with the. recording -mthodo A study of

numerous m xer and obseration tube combinations was made. An empirical

equation, Eq. 13, was developed from which the expected flow rate could be

calculated knowing d dimeaions of the miw- and tbe pressure drop across

the mixer:

PA2

(13) V2  . AP A

where V is the total volume flow rate, in co. per sec.,

&P is the pressure drop In lb. per sq. in.,

Ao is the area of the observation tube, in sq. M.,

K1 varies from 0.3 to 0.8.

The mizers weze studied. only for the case where equal volumes of reactant

solutions were contacted. The effect of the jet 41imtes and number of
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jets on the flow rate is not clear from the data. In general jet dism-

eters fro 0.5 to 14 mm. and observation tube diameters of 0.5 to 1.8

ma. were used with no apparent regard for the observation tube diameter,

jet diameter ratio.

The efficiency of mixing was verified by Chame- by. rwming reactions

known to be very fast. This.was accomplished.by.us.ing reactions showing

bimolecular characteristics*.. The rate of.the reactions were deteruined

in very dilute solutions; the concentrations .were increased until the

system could no longer follow the reaction rate. At these concentrations

it was the mixing rate then that was measured. The reaction between

iodine and thiosulfate, the concentration of each reagent being 5 x 10-4 N,

is about 96% complete in 0,3 msec. (the shortest measurable t i with

Chance's apparatus). The mixing was shown to be at least 98%4coplete at,

the observation point (10 m. from the mixer) at all flow velocities by

increasing the thiosulfate concentration. The reaction between ceric

sulfate and bydrogen peroxide was similarly shown to be immeasurably

rapid at.sufficiently. high .concentratLons. The mixng efficiency was

again shown to be. better than 98% in all.-caaes Since the photoelectric

error was of the order of 2%, the estimate of 98% mixing may be

conservative,

A very recent rapid kinetic study was made. by Trowse. 2 7 A unique

method was used. to verify the mixing efficiency. In this wthod two

solutions having different optical properties were mixed. The approach

to optical homogeneity was taken as the criterion of the extent of mix-

ing. During mixing there is an appearance of turbidity due to mltiple

refractions of the m2luminating light; eventually the solution clears.

The light transmission changes that occurred during the mixing of water
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and a 20% aqueous ammonium sulfate solution were followed by a photo-

electric recording method.

The quantitative results obtained for the miing efficiency in "T"

type mixers was reported in great detail in a recent comprehensive review

of the subject of rapid reactions in solution. by Roughton and Chance. 2 8

The data. are smmarised. in Tables 3 -and. 4... I. Table 3 the apparatus and

method are indicated- and.in..Tabla 4 the..esults., are. shcwno The final

colum of Table 4. is the product of the linear velocity of flow through

the observation tube and the time required to achieve 97% mixing. This

distance is clearly the distance that the solution had to flow from the

point of initialontact to the point at which.uixi'g was 97% complete.

It was pointed ..out, Y Roughton that the data of Millikan .shows that this

distance decreased as the flow velocity was. iucreased for. a given mixer.

It is thus apparent that mixing complete to within a few per cent can be

obtained in a rapidly flowing stream in a distance of less than a centi-

meter. The data shown in the tables refer only to the zixin of aqueous

solutions. Only one reference was made to the mixing of physically

different liquids. Roughton brought together a paraffin oil and water

in a "TH type mixer and found that a very fine emulsion was foimd.

It is instro.tive to consider what concentration gradients exist

in a solution that is 97% mixed. The distribution of concentration must

certainly be statistical. It is very unlikely that 3%. of the original
I,

reactants remain together at their original concentration, rather the

range of concentrations must all be very close to that corresponding

V to complete intermixing.

In all of the rapid reaction studies made by Roughton, Chance and
their followers the pressure drop across the mixers never exceeded one

L
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Table 3 Tests of Mixing Efficiency, "T" Type Mixers 2 8

Author Apparatus Test

Hartridge and 8 jet metal mimr HCi, NaOH, Coloriastric
Roughton 8 jet ebonite mim HC1l, NaOH, Thermal

Roughton 3 wa glass T-taps H01, NaOHI, Thermal
bore 1.5 m.

Millikan. 4 jet Bakelite tap H01, NaOH, Thermal
mixer, jetsI 0.5 m=.

Chance 8 jet polystrene2, ' S203"$ Coloriaetric
jets 0.4 U.,

tube bore 1.0 ma.

Dalsiel 2 jet glass mixer,
0.5 z. bore H2S04, 11.01, Thermal
1.0 m. bore H2O4, NaOH, Thermal
1.0 m. bore H2SO4, NaOH, Thermal

Trowes 2 jet glass mixer,
0.7 s. bore Light Transmission
05 m. bore Light Transmission

Cance 4 jet all glass H202, Peroxidase,
mixer, 0.5 nm. Colorimetric
jets, 1.0 m.

bore



22

, Table 4. Results of Mixing Efficiency Teste2 8

Flow rate in the Maxim time, in Distance,
Author observation tube, mase., for mixing in Ma.

in cu. per see. 95% 97% 99% 97%

Batridge and 35 - 0.3 - 1.0

Roughton 1000 - 0.4 - 4.0

Rough&on 400 10 - -

Nillikan 268 - 0.5 2 1.3
175 - 1.5 7 2.6
100 - 4.0 10 4.o

Chance 2300 - 0.4 - 9.2

Dalziel 140 - - 5 -
280 - - 5-
140 8

Trowse 440 0.9 1.3 3.0 5.7
995 0.5 a.6 0.8 6.0

Chance 1000 - 1.0 - 10

K.
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t- or two atmospheres. The first attempt to extend the range of the method

using kgh pressures was made by Kilpatrick and McKinne7?'2 9 '3 0 ' 31 They

wanted to study rapid reactions in solution in which a gas in evolved.

The steady flow method of Chance was clearly not suited for this type of

reaction. It was necessary to mix a useful quantity of reactants9 stop

the mixing and begin static measurements of the gas evolution. This was

accomplished through the use of a constant .-olume bomb reactor made

entirely of stainless steel. In this apparatus.the :mactants were driven

through a -conventional "T" mixer by- meann.of. floating.pistcn which in

turn ware driven. l high. pressure, itgen.. ga. The.entire quantity of

reactants, 25 ml.- of one solution and, 1.0. ml of a .second, solution, was

injected into a. closed volue.in. About 10 meac..; ..static- pressure rise

measurements ware. then made. The efficienc. of mixing..was determined by

running the reaction represtvted by Eq. 14:

(14) oa(,,O) 2 + 5 o2 + 31S - CaSo4 + s0 + 502 + 8H2o

Using concentrations of the order of 10- 4 U, Chance 2 found the velcity

constant of the reaction to be 2900 liters per mole second. With this

value of the velocity constant, and with concentrated solutions (1 ml.

of 50% Ca(nO4) 2 and 25 T. of 15% H202 which was also 3M in H2SO,), the

half time of the reaction was estimated to be 55 microseconds. Under

these conditions, the reaction was assumed to be essential3y instantane-

ous. The mixing time was evaluated by measuring the pressure rise due

to oxygen evolution. Oxygen evolution was found to be complete in about

.0 osec. The efficiency of mixing was further verified by noting that

the permanganate color was copletely discharged at the end of a run.

f" The principel difficulty experienced by Kilpatrick and McKinney

with the bcb reactor resulted from the possibility that the two floating
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pistons might not descend at the sae time o The two pistons are not

connected mechanical3y so that any excessive static friction could delay

the start of motion of one of the pistons and severely affect the mixtug

efficiency. The bob reactor of Kilpatrick and YaKinaey will be discussed

in detail in a later chapter since it was used in connection with the

present research.

Bactionoal $odi-PotassiAlo

The reaction of sadiumnpotasaium eutectic. 8aLo with water and

ethanol was studied -b y. inney nandKilpatrIck. 3 0 The ccmpostion of

the liquid alloy corresponded roughly to the formula IaK2 . The reaction

with ethanol is. represented by Eq. 15:

(15) NW12 +3 C2 1S li 1.5 l 2 2 C2 H5M C2 f5Ka

and the reaction.with water i .repmesated by Eq. 16:

(16) •aK2 +3 H20 -- 1.5 R2 +2 KOH. +N&OH

The pressure. rise in the reaction with excess ethanol was. found to follow

an approximately first order law. Ihe half-time of the reaction was found

to be about 6.2 sec. The authors point out, however, that the reaction

is probably heterogeneous and that the first order characteristic might

be a fortuitous combination of effects since the injection tim is

comparable to the observed half-tm.

The pressure, tine curve obtained in the case of the reaction of

the liquid alloy with excess water showed to large maxima. The first

maximum occurred about 5 mo. after the beginning of injection. The

pro,.sro then decreased to about that expected from the theoretical

yield of hydrogen according to Eq. 16 in about 30 sec. A second sharp

maximum occurred about 40 msec. after injection. The first maximum
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could be attributed to the heat evolved by the, reaction; it was unlikelyp

however, that the second maximum was also due to the beat of the simple

reaction .repreen'ted by Eq. 16.

At the outset of the present research,. it was .considered like3y that

the second pressure peak might be due to an explosion of the hydrogen

evolved by the reaction with the czygen of the air present initially in

Lhe reactor. If true, this would present an interesting example of a

delayed ignition. In view of this it was decided to begin the present

research with a further study of the alloy, water reaction.

-4

(



CHAPTER II
REACTOR DESIGN

Two different constant volvas reactors were used during the course of

this study. One of these was designed and built by Dr. C. D. McKinney, Jr.

and described by him. 3 This reactor will be referred to as Reactor I.

Another reactor, which is specifically suited for the study of ignition

delay, was designed and built during the course of this research. This

reactor will be referred to as Reactor II.

Reactor I

Although Reactor I is adequately described in the thetis by McKinney, 3

the basic features of it will be reviewed.. A cross-sectional assembly

drawing of Reactor I and the pneumati, .injector-is shown in Fig. 1. The

pneumatic injector is monted above the reactor; it functions as a quick

opening valve discharging high preasure nitrogen gas into the area behind

the two pistons. The injector is identical to one described by Neas,

Raymond and Ewing. 3 2 The driving gas, nitrogen at pressures up to 2000

lb. per sq. in., is charged into the storage reservoir A. To start a

run, the cocking block B is rotated clockwise by means of a solenoid

(not shown in the drawing) or by hand. This shows the toggle C off-

center, allowing the gas in the storage reservoir to move the valve D

outward, rotating the toggle until it strikes the brass impact pad shown

in the drawing as a small upward projection in the center of the cocking

block. Then the valve opens, the pressure of the driving gas is

cumunicated to both floating pistons. It is important to note that

amy leakage of gas through the valve gaskets could not drive the pistons

down prematurely because of the presence of a small pressure release

duct. The motion of the valve seals off this duct preventing leakage

26
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A

rF

Fig. 1. Cross-sectional Assembly Drawing of Pneumatic Injector
and Bomb Reactor I.
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( during the normal operation of the pneumatic injector, The expanding gas

also. forces the movable. contact B to the left, .causing it to strike the

fixed, contact ich is insulated from the body of-the injector. The

closing of the contact initiates the time base of the recording system.

The two solutions to be mixed are contained in the cylinders at J

and F. The cylinder J contains 25 ml. of one reactant solution and the

cylinder F contains 1 ml. of the other reactant solution. The pressure

of the drivin g gas on the floating pistons forces them downward., driving

the reactants through the jets located in the small and large injection

plates G and K into the mixing chamber and out into the body of the bomb

H where they react to completion. The two jets are directly opposed.

The gaskets used to seal the valve in the pneumatic injector ai-

*i neoprene rings which are closely ground to fit the valve cylinders.

"I ( The gaskets are .ubricated with .powdered graphite. The .gaskets on the

floating pistons are also neoprene rings.lubricated_ powd-ed graphite.

They serve to prevent the driving gas from-direJly entering the

interior of the reactor. They wast also-prevent leakage of the product

gases from the interior of.the reactor to the atmosphere once the

driving gas.. pressure has. been released. ...f .the.-piston gaskets are too

tight, the start of notion of one or both of the pistons may be seriously

delayed. The piston gaskets must therefore be ground to a very exacting

tolerance.

During the present study it was found necessary to add a window to

Reactor I so that the presence of an ignition could be verified photo-

electrically or visually. The window :s made of Plexiglase (one-quarter

inch thick) and provides a direct view of the area inmediately surround-

{ ing the mixing chamber. The important parts of Reactor I, including the

window assembly, are shown in Fig. 2.I! .. ... .... ... ....... .
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Fig. 2. Reactor I, Showing Injection Plates, Pistons and

window AssemblY.
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Reactor II

Reactor II was designed specifically for the. study-of selfgriniting

fuel, oxidant systems. For this purpose it is necessary to contact more

nearly equal volumes of reactants than in..-the.case. of Reactor I. A

cross-sectional.assemb2y drawing of.Reactor-IIALs shown-in Fig. 3. The

same..pneuatic, injector that..was, desnrbed.Imcajuuj.tion. with Reactor

I is used with Reactor 1. The reactant solutions are .contained in the

cylinders at A and B. During injection the driving gas is communicated

to the driving piston C. The driving piston in turn forces both of the

smaller pistons D and E to descend. The reactant solutions are then

forced to flow into the jets in the mixing plate F and into the mixin

chamber or exit tube G where they enter the body of the reactor H and

react to completion. The baffle plate J can be attached to the mixin

f' ( plate or it can be dispensed with. If.itA....ued,.it .serve to ensure

complete .mixing .by.. breaking. upthe. efflnt ..stream..iAediately as it

leaves the mixing chamber G.. It also. serves to reflect arq emitted

light directly into the observation..arms..M.. One. observation arm of

the reactor is closed with a plexiglas.. windoaw..and. the other joins with

the piping.leading to.the strain, gage.... Two .v2ve. blocks,., each attached

to a stainless.steel needle valve, can.beinterposed between each

observation arm and the measuring apparatus, if needed.

Reactor nI was designed to allow for iwersion in a low temperature

bath. For this purpose the reactor is as compact and as light in weight

as possible. The outside diameter of the main cylinder block L is only

five inches. The observation arms are directed almost vertically so

that the apparatus to be used to follow the changes of pressure and

( light emission can be located well above amy thermostatic bath.
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Reactor 3T, just as.in the .cae of.Reactor I, is ontructed entirely

of stainless steel.. The driving piston was. achined.to..a.close fit with

the large cylinder so that no gasket or lubrication is .required. A slight

leakage of driving gas past the driving pistou. could not affect the

nasured pressure in the reactor because this gas is vented to the atmos-

phere through the air escape ports K. The gaskets on the smaller pistons

mast withstand the pressure of the product gases from within the reactor

and must prevent any back-flow of the liquid reactants during injection,

A number of different gasket arrangements-were used on the smaller

pistons. These will be discuss6d in a later chapter. It should be

pointed out, however, that the pistons are const7ucted in several parts,

so that it is possible to remove the lower part of the pistons and attach

a gasket material such as Teflon that could.not.be stretched over a one-

i piece piston and attached in that wuq. The upper gasket.mustg however,

be of neoprene or another rubber because it miat be stretched over the

steel piston and set into place.

The important parts of Reactor i are shown in Fig. 4. The mixin

plate F shown in Fig. 3 and in Fig. 4 and used throughout this research

was designed according to the principles established by Roughton and

Chance. It is apparent from Fig. 4 that other mixing plates having

entirely different mixing patterns could be substituted for mixing plate

F without requiring a change in ar of the other reactor parts. In a

similar wa another cylinder block could be substituted for cylinder

block L. This would allow the selection of more than a single reactant

ratio without requiring the design of an entireoly new reactor.

Another cylinder block was designed and built to provide a range

( of possible reactant ratios., The original cylinder block shown in
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Key to Fig. 4

A Reaction bomb

B Driving cylinder

C Driving piston

D Small pistons

E Subplate

F Mixing plate

G Valve blocks

J j Baffle plate

K Spacer plate

L Cylinder block

M Observation arm

K Window assembly
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(- Fig. 4 has two cylinders of equal diameter providing a single ratio of one

to one. The new block has cylinders of unequal-diameter providing a

reactant ratio of approximtely four to one. Fittings were constructed

which made it possible to decrease the diameter of the larger cylinder

so that two more reactant ratios ocouldbe realsed:. a two to one ratio

and a one and one-half to one ratio. Several additional. pistons had to

be constructed to fit the new cylinders. The two cylinder blocks, the

fittings and the pistons are shown in Fig. 5. The measured cylinder

diameters and the exact values of the volume ratios obtainable with

Reactor II are given in Table 5.

Table 5. Dimensions of Reactant Cylinders, Reactor II

( Diameter of Diameter of
- cminal larger smaller

reactant cylinder, cylinder, Reactant
ratio inches inches ratio

1 : 1 0.3-135 0.3135 1.00
1.5 : 0.3335 0.257 1.49
2 : 1 0.376 0.257 2.14
14 1 1 o.502 0.257 3.82

I)I

Several additional mixIng plates were designed and built to provide

a number of possible mixing patterns. The mixing pattern provided by

the original plate has the form of a "T". The other basic pattern that

can be obtained with the new plates has the form of a "I". Several

I subplates were constructed to fit beneath either main mixing plate.

These plates have single holes in them so that the mined solution

K. (_ emerging from the main mixing plate could be made to flow through

additional lengths of a confined passage.
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Fig. S.Cylindier Blocks, Fittings and Pistons, Reactor II.
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Reactor 17 has seeral design advantages over Reactor I. The fact

that 9e two psttmsemut begin descent atthe same instant and must

travel at the same rate ensures uniformity of the mi ed solution,

Reactor nI is moh sore powerful than Its precursor,. A substantial

hydraulic advantage is achieved by having a single large piston drive

two smller ones. The piston gaskets do not have to withstand the

pressure of the driving. gas. Reactor .3 is suited forimmersion in a

thermostatic bath and .is ghter .in. .waiht than-its pmreursor. Reactor

II is easlU adapted to. a change of the.. ix .pattern. or a change of

the reactant ratio.

M.,of, Transient Pressure

The measurement of the transient pressure of gases in either reac-

tor is the principal means of following the course of the reactions

under stud. The pressure measuring system to be used must have a very

rapid response. Th. methods used by Nclinney appeared to fulfill this

I Lrequirement adequatey. The recording apparatus designed and built by

his was used with ony a few minor changes. Although the method is

described in detail by Mlinney, the essential features of the method

will be reviewed here,

The premsre sensitive element is-adiaphragmn tpe strain gage

manufactured bk- the Statham.Laboratoria,.. Ic.., a..U. Angeles, California.

In this.instrumen t.the .pressue a. appleid to .a. metal diaphragm

which in thereby deformed. The motion produced is transmitted to a

series of strain wires whose electrca* resistance depend upon the

degree of strain. The wires are arranged in the form of a balanced

bridge within the pressure gage Itself. The unbalance of the bridge

is then a measure of the gas pressure acting on the diaphragm. The
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c sage elements are stated to have a natural frequency in exces; of 2000

ocles per second so that the gage should faithfull. reproduce pressure

events occurring at frequencies up to this value. The output of the

strain gages is stated to be strictly proportional to the applied pres-

sure* Originally two such gages were available: one having a range

0 to 50 lb. r eq. in. and the other 0 to 150 lb. per sq. in. The

range of these gages was not high enough for the proposed study involv-

ing high energy fuel-oxidant systems. Two other gages, one having a

range 0 to 100 lb. per sq. in. and the other 0 to 500 lb. per sq. in.,

were purchased. The new gages have a special overrange feature: the

smallr one will withstand a pressure of+750 lb. per sq. in. and the

larger one 1750 lb. per sq. in. without damage.

The bridge of the strain gage is supplied with A C current of

variable frequency. This is accomplished by means of a variable

frequency audio oscillator in oonbination.with, a powr amplifier.

The A C voltage applied to the gage in about. 10.. voltU. RI; the output

of the strain gages is.about 20 m JvDts.-RMS.at full rated pressure.

An A C voltage apliqfer is used to. increase this. voltage to an amount

suitable to deflect the .beam.of..a cathode. ray.tube. The aWplified

unbalance of the strain gage is applied to the vertical plates of a

cathode ray tube. In order to record the transient pressure during a

L reaction# a #ime base generator is used to sep the cathode-ray beam

across the tube screen. An accurately timed pulse generator is

eployed to make timing wrks on the cathode-raw trace.

bl The ccpoents of the pressmr , amsi. system are shown in a

block diagram in Fig. 6. The oscilloscope is a Du Mont, Type 274.

( The output of the time base generator is applied to the horisontal

plates of the oscilloscope. The time base generator supplies an
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AUDIO POWER
OSCILLATOR 0-0A MPLIFI E R

VO LTAGE 0-
AMPLIFIER

STRAIN GAGE

HIT

TIME BASE 0- BM
GENERATOR 0 -C~AT

PULSEIGENERATOR
Figs 6. Block Diagram of Transient Pressure Measuring System.
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(- approximately linear sweep to the cathode-ray beam. The sweep is

triggered by the closing of the bomb contacts located in the pneumatic

injector. The pulse generator supplies sharp pulses occury.Ing at an

accurately known frequency to the intensity modulation electrode of the

cathode-ray tubee This has the effect of blanking the cathode-ray beam

at regular intervals. The ultimate pressure record is obtained by

photographing the screen of the cathode-ray tube.

The audio oscillator has a range of 24 to 17,000 cycles per see.

in five overlapping ranges. Excellent amplitude stability is obtained

because of the thermistor control network that is incorporated into the

oscillator.

The power amplifier employs two 6V6 tubes in a conventional class

AB1 push-pull circuit capable of delivering about 10 watts of audio

( power. This is an ample reserve of power to avoid distortion since the

Statham. gages require a power input. of only-0.6 watt. The amplifier is

terminated in a 500 obm..line to. match -ta input resistance of the

Statham gages. The amplifier output is permnently connected to a

panel voltmeter, the dial of which-has. 25 arbitra7 -voltage units. The

meter is set to read 20 unite when the voltage output of the amplifier

ris the correct value (ca. 10 volts) to supply the strain gage. Before

each experiment the output voltage is adjusted to twenty units to ensure

1; the reproducibility of the pressure calibraticn. The power amplifier

circuit also has provision for the external balancing of the bridge

contained within the strain gage. The bridge nust be balanced both

resistively and capacitively.

The voltage amplifier is stabilized by large amounts of negative

: (' feed-back. The gain of such amplifiers is almost ccepletely unchanged

by small fluctuations of the power supply voltage and by changes in



tube characteristics. The amplifier has five gain ranges varying from

1800 to 12000. The full scale output of the strain gages was estimated

to be 20 millivolts RIS. At a gain of 1800, this provided 36 volts 118

with which to deflect the cathode-ray beau. The axjlitude of the,

oscilloscope trace depends not upon the IS voltage but upon the peak to

peak voltage. Thirty-six volts RMS is equivalent to 102 volts peak to

peak. The deflection sensitivity of the cathode-ray tube used in the

Du Mont instrment is about 30 volts per inch so that the full scale,

amplitude was expected to be almost 3.5 inches.

The time base generator and the puls generator have also been

described.by. NIinney; however, it was found .necessary to make several

changes in these -circuits.. A schematio diagram of the revised time basn

generator, pulse generator and some of the switching circuits are shown

in Fig. 7. A discussion of the revised switching cireuits will be' give

in a later section.

For the normal operation of the time base generator and the pulse

generator switch S1-1 must be in position III and switch 81-2 in posi-

tUon B or C. The closing of the bomb cotacts provides a sharp positive

pulse to the condenser C. This causes the tratron V3 to fire

decreasing the plate voltage to a low value in a few microseconds. A

sudden deflection of the cathode-ray beau .across the tube screen results.

The original plate voltage of .V3. is gradually restored. The rate of

rise of the plate voltage is determined by the RC product selected by
switches S1-3 and SW-4. The rise of the plate voltage causes the cathode-

ray 'beau to return to its original position at a predeternined rate.

The time range with 01 is about 0.01 to 0.30 second, with 06 It is

( about 0.09 to 0.8 second, and with 07 it is about 0.6 to 11 seconds.
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Generator and Switching. Circuits (See Fig. 7)

Oomponent Circuit constant. Camponsnt. Circuit constant

i, El , lO.x0K.potentiometer Cl, 02, 03.,. 0.1 mfd, 400 v
R33 06, C!2

R2 500 ohms C4 10 d, 25 V,
P,3 900K electrolytic

35 0.2 mfd, 400 V
C7 1.0 mfd, 400 V

S0K C8, C9 8-8 mfd, 400 V,

R6 150 ohms dual electrolytic

R7 500K potentiometer CO 25 mfd, 25 V,

HS 2K electrolytic

elR9 600ohms Cl 0.01 mfd, 400 V

RIO 30K Type88ii

R12 1800 ohms V2 Type 6o5 GT

R13-R2i IN V3 Type 2050

R25 mV Type 6H6

R26 100K V5 Type 5U4 0

W 1100 ohms V6, 17 Type OD3/VR 150

R28 5K Ms, 5W2 Lever action switch,
4 circuits,

R29 1OK 3 positions

R30 5K potentiometer, S3 Selector switch,
wire wound 1 circuit,

3 positions

R32 5K ,2ii Selector switch,I circuit..
BA 90 V 12 positions

T Power transformer, ,WI SPST Toggle switch
3.10 V primary,
seondaries: 700 SW6 DPST Push button
ct, 5 v, 6.3 V switch

SW7 SPDT Toggle switch

CH Chokes, 15 henries



r The length of the trace on the screen is controlled by R30. A 150 volt

power supply located on a separate chassis and shown schematically in

Fig. 8 supplies the voltage necessary to control the position of the

time base on the tube screen by means of the position control RU. -It

will be pointed out in a later section that it is necessary to provide

two oscilloscopes with an identical time base. This. could be done by

simply connecting the plate of V3 through Rll to the horisontal deflec-

tion plates D4 of two oscilloscopes; however, it. is desirable to control

the position of the time base on the. osmilloscopes. independentJ7. This

is accowfplished through the use of a separate position control R33.

The original circuit described by McKinney employed a different

network to provide the positive pulse to C5 to initiate the time base.

With the original circuit the frame of the pneumatic injector and hence

C the entire reactor had a positive potential of 50 volts with respect to

the chassis ground during the course of a run. With the present circuit

so long as bomb contact A is connected to the injector frame, the entire

reactor is electrically grounded at all times.. It was believed that

this would, contribute toward decreasing the pick-up of random electrical

disturbances. The original circuit had only two time base ranges; the

third and mont rapid- oe was found to be necessary for the present study.

In the original circuit a 135 volt battery pack was used to provide the

positioning voltage. The batteries became rapidly exhausted in this

application so that a more convenient line operated power supply was

built.

The pulse generator, shown in the upper left hand corner of Fig.

7, serves to provide accurate timing of the pressure trace by blanking

(_ the cathode-ray beam at regular intervals. The unit is essentially a

relaxation oscillator producing sharp negative pulses. The frequency
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Table 7. Circuit Constants for Auxiliapy Powr Supply(see ig..8)

Component circuit constant

T Powr transformer, 1.10 V primar7,,

secondaries: 480 V at, V. 6.3 V

1Filter choke, 35 henries

S ,SPST toggle switch

w IG
I

C2T /
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of repetition of the pulses is accurately controlled at a value of

120/n cycles per second, where n is a email integer, ..by synchronisation

with the 120 cycle ccuponent of the rectified line voltage. With the

synchronisation control Rl turned off, the oscillation frequency can

be controlled with RH. Setting R4 to produce approximately the desired

frequency, the synchronisation control R1 may be adjusted to "lock in"

the desired frequency. The amplitude of the pulses is controlled by

if R7. The frequency values that can be obtained with the unit are 120,

60 and 30 cycles per second. The output, of. the pulse generator is1 supplied direc,3y to the intensity modulation electrode of the cathode-

ray tube. The sharp negative pulses then cause the cathode-ray beam to

tbe blanked at the synchronised frequency. lImmedatey. following each

I negative pulse, there is a slight positive voltage suing which causes

_ a slight intensification of the cathode-ray beam, making the timin

marks even more pronounced.

In the original circuit, described by McKlnney, the oscillator

was synchronized directly with the 60 cycle line. Frequency values

of 60, 30 and 20 cycles could be obtained. Because of the faster

time base to be used in this study, it was imperative to have a timing

frequency of at least 120 cycles.

The fJnal record of the oscilloscope trace is obtained by photo-

graphing the screen of the oscilloscope. The camera is a Burke and

James h x 5 inch view camera equipped with an f4.5 lens. A shield

surrounding the camera lens and the oscilloscope screen prevents stray

light from entering the camera. In normal operation, the camera shutter

was opened before a run and remained open until after the run. The

S(_ cathode-ray tube employed for this purpose is a 5 BPliA having a blue
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4*fluorescence that is particularly suited for photographic purposes.

astman .Kodak. Super Panchro-Pre,.. Type. B film was used.

Measurement of the Final..ressure..of..the Product Gases

It was believed that important information might result from

accurate knowledge of the final pressure of a reaction carried out in

the reactors. The pressure at infinite time cannot usually be obtained

from the transient pressure trace for two reasons: (1) The transient

pressure can be followed only for a short time if it is desired to secure

good time resolution during the early stages of a reaction. This is

particularly true in the case of an explosion where the reaction products

may not cool to room temperature for same time. (2) The transient

pressure during the early stages of a reaction is usually quite a bit

higher than the final pressure. The resulting final.amplitude may be

too small to allow accurate measurements. Four different methods were

used to obtain final pressure data-during this research.

In some of the early runs with Reactor I the final pressure was

measured by a metal Bourdon-. gage that. -wa, permanently connected to the

reactor. The gage has-a range Oto 160 1. per sq. in. and was

mnufactured. by the Marsh Co. In many runs, however,, the. final pressure

was less than 10 lb. per sq. in. The Bourdon gage can give ony a crude

estimate of the pressure in this low range.

In later runs a mercury manometer was connected to one of the

valves leading to the reactor by means of rubber tubing. The valve

was opened a few seconds after reactant injection, expanding the product

gases into the tubing leading to the manometer. The final pressure can

(: then be read from the manometer; a slight correction has to be made for

the increase of the gas volume,
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The manometer method was not suitable for measuring the final pres-

sures of the high energy fuel, oxidant reactions. carred out in Reactor

II. The finmal pressures wer well above two atmospheres in this case.

The Bourdon gage could not be used either because of the very high

transient pressures incurred. in-the early staps of reaction. It was

decided to use, instead, another strain gage. For these high energy

systems, the 500 lb. strain gage had to be used for the transient

pressure measurements, so that the 100 lb. gage was available. It was

considered like3y that a Model 5 Oscillograph manufactured by the

Midwestern Geopbysical Laboratory would be very suitable as the record-

ing instrument inasmuch as that instrument was available in the

laboratory. The Midwestern instrument employs a rapid response mirror

galvanometer. A light beam is reflected from the galvanometer mirror

( and focused on a photobraphic strip chart. The chart moves with a

continuous7y variable speed up to 9 inches per second. The galvanometer

used in the oscillograph is a Type 102A-100; it has a current sensi-

tivity of 0.009 milliamperes per inch and a resistance of 30 ohms. The

response. is stated to be flat up to 60 cycles per second. With the

oscillograph, strain gage coebination, it should be p)znible to' follow

pressure events in the reactor from the time that.the pressure first

falls into the range of the strain gage for as long a time thereafter

as is desired.

The associated circuits used with the oscillograph, strain gage

combination are shown in Fig. 9. The oscillograph requires 24 volts

DC at 2.5 amperes in order to operate it. At first the voltage was

obtained from a voltage divider across the 125 volt DC line. It was

( found necessary, however, to supply the current needed to run the chart

drive separately from that needed to operate the other components.
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" (_ Midentern Oeoilograph, Strain Gage Combination. Table 8)
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Table 8. Circuit Constants for Midwestern Osoillograph,
Strain Gage Combination (See Fig. 9)

Component Circuit constant

R1 48 ohms, 2.9 A

2( 1275 os ,1.6 A

R3 2500 obms

R4 9300 ohms

Vi Type OA3/VR 75

SW ., W2 DPST Toggle switches

I!

(
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( The rheostat Ri was adjusted to supply 24 volts to the chart drive motor

when it was operating, and RZ was set to supply 24 volts to the other

components. In order to supply the bridge of the strain gage with a

constant current, a. VR-75 voltage regulator. tube. was connected across

the DC line through R3. The voltage across the VR-75 tube is constant

to within a few per cent in spite of normal line voltage variations.

The oscillograph contains a tdmin circuit capable of placing

evenly spaced timing lines across the entire width of the strip chart.

The circuit may be adjusted to a frequency of 10 lines per second or

100 lines per second. The lines represent equal time intervals;

however, the day to day stability of the circuit was not satisfactory,

In order to provide a time calibration, an electric timer was included

in the circuit. By closing S-1 the bridge of the strain gage was

energized simultaneously with the starting of the electric timer. The

* amplitude of the pressure trace was set at approximately three inches

on the strip chart for the full scale output of the strain gage by

adjusting R4. With this setting, the voltage across the bridge of the

strain gage was about 5 volts. The maximum allowable voltage for the

strain gage is 17 volts so that a wide safety factor was obtained.

The procedure to obtain a pressure, vs. time record is as follows:

The unit is turned on by means of SW-2 .and. allowed to warm up. The

strip chart motor is then started by means of SW-3 located on the panel

of the Midwestern Instrument. After allowing a few seconds for the

chart motor to reach a consant speed, S-1 is closed actuating the

electric timer and causing a slight break of the galvanometer trace as

the bridge of the strain gage is energized. The pneumatic injector is

(9. then fired causing the reaction to occur. After a suitable time SK-I



is opened, the timer stops., and the trace returns to its original

position. Counting the number of lines corresponding to the time read

on the electric timer gives a calibration of the frequency of the timing

lines for every run. The length of time of the record is controlled

essentially by the length of strip chart one wants to handle. The chart

is Kodak Linagraph Paper, #809, Spec. #1 and must be removed from the

oscillograph cartridge in complete darkness. The paper is developed 4

minutes in a :I1 solution of Kodak Dektol Developer,

If pressure measurements are required to extend for more than a

minute, it is preferable to simply restart the chart drive and close

SW-1 recording for a few seconds only. Timing in this case ms be

effected- with a stopwatch or another electric timer.

In zuaz of the fuel-oxidant reactions studied by means of the

Midwestern instrument, the final pressure was observed to decrease with

time indefinitely indicating the presence of a leak in the reactor

(Reactor 3I). The leak was undoubtedly through the piston gaskets.

It was found to be very difficult to seal the reactant cylinders against

the rather high final pressures encountered in the hydrazine-nitric acid

reaction,. It was believed that far less prodnct gas would be lost if

the gases were expanded into a very large volume one or two seconds

after injection, This was accomplished through .the use .of a large glass

bulb system, the volume of which totalled about 5 liters. The bulb

system was connected to a mercury manometer and to the valve leading to

the reactor*, Imediately after injection the valve was opened and the

product gases expanded by a factor of about seventeen. This lowered

the pressure so that it could easily be read on the manometer once the

._ pressure fell to its final value. The pressure that the piston gaskets
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had to withstand for extended periods of tine was thereby reduced from

up to 5 atmospheres to at most 25 cm. Hg. It is Very likely that no

leak occurs through the piston gaskets before aboat 10 seconds after

injection because of the fact that the driving gas pressure is nomaflly

not released until about this time. The force exerted by the driving

gas on the pistons should hold them tightly seated for this period of

Although the leakage problem was eventual.y solved through the

use of more efficient gaskets, the expansion finalpressure method was

used to obtain most of the final pressure data-reported in this study.

Measurement of Light Eission

The presence and time of occurrence of an ignition can be deter-

(mined reliably by light emission measurements as well as by pressure

rise measurements. Most of the previous ignition delay studies have

employed light emission measurements exclusively in order to sense an

ignition. It was believed, therefore, that provisions had to be made

to include light emission measurements in the present study.

Manq circuits are described in the literature for the rapid

recording of light intensity changes. In most of these the oscillo-

scope is. used as the recording instrument., the final record being

obtained by photographing the screen of the oscilloscope, In all of
these circuits, the oscilloscope trace conists..of-a continuous line.

The vertical deflection of the line from its original, position is the

measure of light intensity. It was pointed out by McKinney 2 in con-

nection with the design of the pressure recording system that single

line traces are very susceptible to random electrical .disturbances;

however, if the signal to be recorded can be caused to modulate a
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high frequency carrier wave, the effect of maz of the disturbances

can be removed. This point is demonstrated by the pressure traces

obtained by McKinney. In marq of the traces, the envelope was found to

dr-4ft randc.3y about the x-axis of the tube screen. The pressure is,

however, proportional to the amplitude of the envelope so that this

drifting has no effect on the easurements. No entireLy suitable

circuit could be found in the literature in which the photoelectric

signal is made to modulate an audio frequency carrier wave.

Since a rather bright flash was expected to result from the

ignitions nder study, it was believed that.a phototube rather than a

photcmultiplyer tube could be used as the sensing device* In the usual

application of a vacuum phototube, a rather high resistance is placed

in series with it. A DC potential of anywhere from ten to several

hundred volts is placed across the phototube, resistor oobmin.ni.on.

On illuuination, current can pass through the phototube and hence

through the resistor. TLhis oirrent develops a voltage drop according

to Obms law. A larger value of resistance leads to a larger voltage

drop and thus to a more sensitive circuit. There is, howev er, an upper

limit to the resistance that can be used because of the need for rapid

response. The resistance in combination with any stray capacitance

that. tght exist between the two leads to the resistance forms a low

pass filter section. There is necessarily a large stray capacitance

in the present case because of the fact that the actual .phototube can-

not be located on the chassis with the remainder of the circuit

elements, The time constant of such a filter section is equal to RC.

It was considered likely that the stray capacitance did not exceed

0.001 microfarad. A phototube load resistor as high as 3 megohms
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would. then yield a time. constant of about 3. maeo This means that for

an instantan ous rise of the light Intensity to a definite value, the

voltage drop would rise to only about two-thirds of the final value in

3 msec. The start of the rise would, however, coircide with the increwe

in light intensity.

Three different circuits wore used in the present study in order to

amplify the photocurrent to a value suitable to deflect the beam of a

cathode-ray tube, The first one to be used is shown schematically in

Fig. 10 and will be referred to as Photocircuit I. The power supply to

operate the circuit is located on a separate chusis along with a volt-

meter to be used in, connection with the circuit. The power supply and

mter circuits are shown in Fig.1. 11. is a IP39 vacuum phototube.

It is apparent from Fig* 10 that several different phototube load

resistors can be chosen by means of S1l, the highest of which has a

value of 3.3 megohms. An AC voltage is applied to the phototube, load

resistor combination instead of a DC potential. The AC signal is taken

from the output of the power amplifier and isolated from it by trans-

former T. The AC signal from the phototube load resistor is then

amplifibd' by cme section of V2 and supplied to the vertical plates of

the cathode-ray tube. 'When the phototube is not illuminated there

should be no signal at the phototube cathode and the cathode-ray tube

trace should be a line. It was found, however, that there was sufficient

stray capacitance, shunting the phototube, to give a large sigmal even

when the phototube was not illuminated. In order to avoid a large "dark

signal", provisions were made to increase the bias of V2 so that the

capacitance current would not be aWlified. This is effected by moans

of R8 and RIO. During illmination current flows through the load
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Table 9. Circuit Constants for Photocircuit I (See Fig. 10)

Coponent Circuit constant

• l I M N III II

ElR 3.3M

R2 im

R3 470K

R4 270K

R, R6 120K

R7 950 ohms

R8 60K

R9 300K

RIO 10K potentiometer

R3.1 lOOK

Cl 0-04 mfd, 400 V

C2 0.002 mfd, 400 V

vi Type iP39

V2 Type 6SC7

T Audio interstage transformer,
ratio 3:I pr!.mary impedance

10,000 ohms

H SWi Selector switch, 1 circuit,
8 positions

(i
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Table 10. Circuit Constants for Power Supply and Output
moter (See ig. U)

Cavopent Circuit constant

Rl 6300 ohms, 20 watts

R2, R3 Im

R14 1900 oms

R5 150K

R6" 75K

( 7 200K

C1, C2 8-8 mfd, Vs7 V, dual electrolytic

C3 15 mfd, 400..V, electrolytic

14, C5 0.1 mfd, 600 V

C6 40 ufd, 25 V, electrolytic

Vi Type 53 GT

V2, V3, V4, Type oA3/VR 75

V5 Type 6Q7

T1 Power transformer, primary: 110 V,
secondaries: 480 V Ct, 5 V, 6.3 V

CHIc CH2 Filter chokes, 30 henries

2inch panel moter, 0 - 200

acroamperes

SW SP ST, Toggle switch

( I i i ! l
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( resistor during the positive half,-cycle of the voltage.at the phototube

anode. The amplitude of the.aatput from .2 ie then a measure of the

light intensity*
The amplitude of the signal is not linear uith the photocurrent

because the amplification by tube V2_dAocreases on3v gradually near the

out-off point. In order to avoid biasing the tube too much, the output

signal is fed to the meter circuit shown in Fig. 11 as well as to the

" oscilloscope. The meter is essntially an AC voltmeter having a range

0-10 volts RMS. Ten volts will cause a deflection of about one-half

scale. Above 10 volts the meter circuit becomes vezy insensitive,

100 volts causing a deflection of only about three-fourths scale so

that the meter cannot be overloaded. Before each measurement the "dark

signal" is set at 20 units on the meter (ca. 0.9 volts) by adjusting

' ( lRO so that a reproducible bias is obtained.

It was found that Photocircuit I did not respond to low levels of

illumination. At.higher levels, the linear operating region of the

amplifier tube was reached and a. linear. response was obtained. At very

high levels, the grid of the amplifier was overloaded and a constant

amplitude resulted.

A second photocircuit was built in .order to secure linear response

at all levels of light intensity. Photocircuit II is shown schematically

in Fig. 12; it is also powered by the power supply shown in Fig. II. In

this circuit a square wave signal instead of a sine wave signal is

supplied to the phototube anode. The sine wave signal from the power

amplifier is greatly amplified by Vl. The positive and negative peaks

are clipped by the diode V2 resulting in a square wave signal having

an amplitude of 45 volts peak to peak. The phototube load resistor R8
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Table 31. Circuit Constants for Photocircuit II (See Fig. 12)

Component Circuit constant Component Circuit constant

R1, R5$ R7, C1,'C5, C9 4O mfd, 25 V,
a7, R18, IN electrolytic112,1126 02, Ch, 0.1 mrd, 600 VI .?M 6,0c7

R3s, R27 IK C3, C10 0.25 mfd, 600 V

M 111,R6, l9 270K C8 100 nmfd

6,16, R2 100K Cll 10 mfd, 600 V,
electrolytic

R8 15K
012 40 mfd, 250 V,

1R9 330K electrolytic

R10 15OO ohms Vi Type 6SJ7

1.1 820K V2 Type 6H6

R12 150K V3 Type 1P39

R13 27K V Type 12AX7

R24 6.8K V5 Type 6S07

R15 15o obm V6, V7 Type 6J5

R20 2200 oh.. T Audio inter-stage
transformer, ratio

-.R21 3 potentiometer 3:1 primary la-i pedance 10#000 ohbs
R23 3300 ohms

SW Selector switch,
R 1,25 220K 1 circuit,

8 positions
R 28 47K
R4 BA 221 V batteries1129 470K
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. has a value of only 15,000 ohms so that the response should be essentially

instantaneous. The capacitance current fLowing through R8 is in the

fora of sharp pulses occurring during the reversal of polarity of the

square wave signal. Tubes V4, V5 and V6 serve to amplify the signal

appearing.. at -the. phototube.. cathode.. Te amplifier. circuit has. large.

amounts of negative feed-back and is similar in design to the voltage

amplifier used in connection uith the pressure measuring system. The

amplification is limited by the interference of the sharp pulses with

the normal operation of the tubes. The maximum gain was determined

experimentally; it was found to be preferable to add a final triode

stage V7 to the three stages V4, V5 and V6.

Because of the pulses, the light intensity is no longer propor-

tional to the amplitude of the output signal from Photocircuit II.

The "dark signal" appearing on the screen of the cathode-ray tube is

essentially a line having sharp vertical pulses. During illumination,

the signal appears to be two parallel lines, each line is broken into

a series of dots by the pulses. The vertical distance between the two

lines should be exactly proportional to the photocurrent and hence to

the light intensity since each amplifier tube is biased to operate on

the linear portion of the tube characteristic. The two lines correspond

to the peaks of the square wave signal developed across the phototube

load resistor. The appearance of a square wave is not obtained for two

reasons2 (1) The peaks are distorted because of the shunting capacitaw e

across the phototube. (2) The vertical motion of the cathode-ray beam

is so rapid during the reversal of polarity that the vertical retrace

lines cannot be seen, giving the impression that the two horisontal

lines are not connected.
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Tube V5 can be used to mix the signal from the phototube cathode

with the original square wave signal from diode V2. This allows amy

steady photocurn'nt to.be ,balaced out. The initial condition of the

phototube corresponded to coplete darkness in all exper ments carried

out in the, reactors so that no photoourrent had to be balanced out

(R21 was adjusted so that the one grid of V5 was alwas grounded).

The circuit could, however, be used for the static measurement of light

intensity by calibrating the position of R21; the oscilloscope could

then be used as a null detector.

The sensitivity Qf Photocircuit 31 can be reduced by adjusting

switch SW. There are four gain ranges available. The feedback feature

of the amplifier it; lost when SK is not in the position of highest

gain; however, no other satisfactory method could be found to provide

(separate gain ranges. The light emission in sme of the reactions

studied was so great that even the loviest gain range of Photocircuit II

gave a signal that was too large. In order to decrease the intensity

of light impinging on the phototube, a brass orifice was constructed to

fit over the Plexiglass window. The diameter of the effective window

area was thereby reduced from about 0.5 inch to about 0.3 inch.

The power amplifier, described in an earlier section,. supplies

the carrier wave to both Photocircuit I and In as well as to the pres-

sure measuring system. This simplifies the problem of relative timing

between a simultaneous pressure and light emission measurement.

Photocircuit II has a slight practical disadvantage because of

the fact that the aplitude of the oscilloscope trace is strictly

linear with the intensity of illumination of--the phototube. It is

_ often necessaxy to make several runs of the same reaction before the
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correct gain range of the amplifier is chosen so that neither too small

nor too large a deflection is obtained. Photocircuit III was designed

and built to use with reactions where only the first moment of luminos-

city is to be recorded. Photocircu t III is shown schematical lyin

Fig. 13. It is also powered by the power supply shown in Fig. 11. The

phototube anode is supplied by a 45 volt battery. The phototube load

resistor R9 has a value of lO0,000 ohms insuring both rapid response and

good sensitivity. The signal from the phototube cathode is amplified

* by a three stage AC amplifier having large amounts of negative feedback.

The circuit is almost identical in design to the voltage amplifier used

in the pressure measuring system. The sensitivity of the amplifier

circuit is controlled by the selection of the feedback resistor by means

* of switch SW. The output of the circuit is applied to the vertical

plates of the oscilloscope just as in the case of other photocircuits.

The circuit provides only a single line trace. The gain, however, is

very high (when SW is in positions 1, 2 or 3) cmpared to Photocircuits

I.
I and II. At the moment of light emission, the amplifier is imaediately

overloaded and the cathode-ray beam is violently deflected. Because of

the overloaded condition of the circuit,' the output may. show several low

frequency oscillations and require some time to returni to.-its original

position once the light emission has ceased. The circuit is thus use-

ful when only the first mment of luminoscity is of interest.-

In order to allow the sigultaneous recording of both pressure and

light emissious it is clearly necessary to employ two oscilloscopes

and two cameras. The oscilloscope described in connection with the

pressure measuring system will be referred to as Oscillosrope I. The

oscilloscope that was used to record light emission measurements was
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Table 12. Circuit Constants for Photocircuit Ii (See Fig. 13)

Component Circuit constant Component Circuit cenqtant

R 1K C1,C2, 25 afd, 25 V,
R2 C3 electroltic

4, oc5, 0.1 mfd, 400 V
R3 68 obms- 06

R 22 ohms C? 0.2 mfd, 600 V

R5 10 obms C8 0.1 mfd, 600 V

R6 3.3 obw C9 8 mfd, 450 V,
electrolyc

R7 1 ohm VI Type 1P39
( R8 0 Oh~m

V2 Type 657
R9,E 1K V3 Type 6SK7iRiot RU, 1X

12 V4 Type 6S7

R13, R14 220K 51 Selector switch,
1 circuit,

R15 lOOK 8 positions

B16 1.5m

R17, R18 IN

R19 IN

R20 650K

R21 10K

" (
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(- built during the course of the study. A schematic diagram of Oscillo-

scope II is shown in Fig. 14. The circuit is of conventional design;

RiU controls the vertical position of the beam, R8 is the focus control,

and RIO is the intensity control. The horizontal deflection plate D4

is connected to the time base generator in the manner described previous-

ly. The intensity modulation electrode of both oscilloscopes are

permanently connected to each other so that the timing marks produced

by the pulse generator register simultaneously on both oscilloscopes.

Another camera identical to the one described previously was purchased

and used in conjunction with Oscilloscope TI.

Measurement of Injection Rate

The methods used to measure the injection rate in the case of

Reactor I were described by McKinney, In the case of Reactor II it

was considered imperative to 4evise a method that would be capable of

measuring the exact time of the start and finish of injection. The

time at which the injection begins must be accurately known in order to

measure the ignition delay time. The time at which the injection is

ccupleted must be known in order to verify the mixing efficiency. The

method finally employed gives the time corresponding to a number of

positions of the piston system during the period of descent.

The method involves the use of a serrated brass rod. The rod is

three-sixteenth. inch in diameter and fits freely into a hole in the

top of either cylinder block. The rod is attached loosely to the top

of the two smaller pistons so that the rod descends at the same rate

as the piston system during injection. A strong light beam is passed

(through a hole perpendicular to the rod. The light transmitted

through the rod shines on a phototube. As the rod descends the light
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Table 13 . Circuit Constants for Oscilloscope II (See Fig. 14)

Coopon"Lt Circuit constant Component Circuit constant

RI R2 120K C1 1 mfd, 3000 V

R3 IN potentiometer C2 o.5 fd, 600 V

U ,R7, 470K 03 0.01 mfd, 3000 V
R12

C4 0.1 mfd, 600 VSas, R6, 220K
R') 1 Type 2X2A

R8 250K potentiometer V2 Type 5BP13A

ELIO 100K potentiometer Ti Power transformer,
priMary 3-10 V,

Rh, 5M seconday 1000 V

ja3 lIN T2 Filament transformer

T3 Filmant transformer
primry 11 V,

1' secondary 6.3 V
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7 beam is chopped by the serrations on the rod giving rise to a rapidy

alternating light intensity at the phototube.

A typical experimental arrangement for the zecsuretent of the

injection rate is shown in Fig. 15. The light source A is a 150 watt

zeflector spot bulb. The light in collected just ahead' of the

serrated rod B by a ground glass screen in the form of a glass tube C

tapered to about 0.10 inch diameter and ground flat. The transmitted

light shines through a Wooden adaptor D into the brass container E in

uhich the phototube is ounted. The rod B is loosely attached to a

brass plate F. During injection, the plate is secured between the

driving piston and the two smaller pistons so that the rod cannot

descend ahead of the pistons.

The rod pictured in Fig. 15 has five serrations per inch. Rods

( having four per inch and fi e per seven-eighths inch were also used.

The rods were prepared on a metal working lathe. The pitch of the

serrations were cut to the desired dimensions accurately to within a

few thousangrthe of an inch. ,. -WI ado o-.'* M. gla and painted With

black stripes were also used to measure the injection rate. Those rods

were also prepared acauratey on the lathe. They were found to-be very

susceptible to damage although they transmit a much higher fraction of

the incident light intensity.

Photocircuit III shown in Fig. 13 was used for the measurement

of injection rate. The intensity of the light transmitted by the

descending rod was much smaller than that emitted by the explosions

under study so that the circuit was at no time overloaded. The oscillo-

scope trace is a single line showing oscillations corresponding to the

changing light intensity. Soe of the preliminary measure:ents were
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made with a single tvbe, battery operated preampli ier connected be-

tween the phototube a i Photoolrouit III. In other preliminary

experments other tria.l amplifier circuits were employed. The success

of a given measurement can, however, be evaluated -by the resultU.

trace. If the obsrvqd oscillati.on pattern arees with that expected

fron the knmown pitch of the serrations, the stroke of the piston system,

and the initial position of the rod relative to the light beal; there

can be little doubt that the oscillations are actuilly due to the

changing light intenity. All of the important data, however, were

obtained *ith Photocircuit In just as it is shown in Tig. 13.

The time corresponding to each peak on the oscilloscope traco

can be obtained by comparing the trace to a pressure trace recorded

simaltaneousy. The method will be described in detail in a later

chapter.

Low Temerature 1,e ration

A thermostatic bath was constructed to enable the study of

ignitions occurring at low temperatures. The bath was constructed

froa an obsolete waterless cooker. The cooker is a well insulated

metal t4nk about 10 iches in diaterad 12 inches deep. A wooden

frame was built to fit entirej around the tank. An angle iron support

attached to the wooden frame *ade it possible to mount Reactor 1I in

the bath. The reactor is norsal3y immersed to about the top of the

cylinder block. Attached to the support is a coil made of about ?0

feet of one-quarter inch coppekr tubing. The tubing leads to an

American Instr ent Co. me-thirtieth horsepower pump which is iumersed

( in a large Dewar flask containing a sixture of trichloroethylene and

dry ice chunks. The large tank is also filled with trichloroethylene.
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I A atrring motor is mounted over the large tank to facilitate heat trans-

for between the cooling coil and the reactor.

In operation, the pump circulates triehloroetbylene frm the

trich:Loroethylene, dry ice mixture through the cooling coils in the bath,
Temperatures as low as -6000 can be easily obtained in the bath by this

method. Because of the extremely short duration of thq reactions to be

studied, it is necessary only to bring the reactor to the desired temp-

erature, to maintain it manually for some time to miniizse temperature

gradients in the reactor parts, and to initiate the reaction.

The reactor temperature is measred by a copper-constntan thero-

couple located in a hole in the cylinder block. The thermocokple is

located within three-eights inch of the cylinders containin the

reactants so that it should indicate accurately the initial temperature

of the reactants. The metal parts of the reactor located above the

cylinder block could not be immersed in the bath. Because of thi*,

there was an unavoidable vertical temperature gradient. The temperature

difference between the reactat solutionls hd the bath !tsef sold-i

exceeded 50C. In effect, then, the reactants contact and mix at a

temperature very nearly equal to that indicated by the thermocouple.

The walls of the interior of the reactor, however, may be at a slightly
lower temperature.
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REACTOR OPERATION

During the course of this study, nmerous tests of the performance

of the apparatus were made. These tests were intended (1) to check the

linearity of the transient pressure measuring system and to calibrate

the strain gages, (2) to calibrate the methods used to measure the final

pressure of the product gases, (3) to check the linearity of Photocircuit

II, (4) to measure the injection rate, (5) to measure the rate of mixl4

of the reactants, and (6) to determine the response of the transient

pressure measuring system.

Calibration of the Transient Pressure Measuring Mstem

The transient pressure measuring system is composed of the power

amplifier output meter, the strain gage. the voltage amplifier, the

cathode-ray oscilloscope and the camera. The design of the syystem is

such that the amplitude of the oscilloscope trace is a ftction of the

pressure applied to the gage. For the amplitude to be directly propor-

tional to the applied pressure, each component must have a linear

response. Instead of checking the linearity of each portion of the

system, the entire system was calibrated at the same time.

To make static calibrations of the'transient pressure measuring

system, two Bourdon-type pressure gages were used. One of thqs has a

range of 0 to 160 lb. per sq. in. and the other has a range of 0 to

1000 lb. per sq. in, The m&aller gape was calibrated on a de*d-wsight

!tester by McKinney and found to be accurate to within 2%. Both gages

were recalibrated using the triple point pressure of carbon dioxide.

The absolute triple point pressure of carbon dioxide is 75.2 lb. per

sq. in. 3 3 The larger gage was also checked against the vapor pressure

76
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( Of carbon dioxide at OC which is 505.6 lb. per sq. in.33 Both gages

were found to be within 2% accuracy as guaranteed by the manufacturer.

An apparatus was constructed to facilitate the calibration proce-

dure. It consisted of a small steel tank connected by means of steel

piping to one of the Bourdon gages, a strain gage, and a steel valve.

The tank was filled with dry ice before being attached to the apparatus.

For the absolute calibration of the Bourdo gages,9 the air had to be

removed. This was done by alternately allowing some of the dry ice to

vaporize and then applying a vacuum to the system. The pressure gradually

rose, once the valve was finally closed. The pressure remained constab

for some ti" when the triple point was reached. After all of the dry

ice liquefied, the pressure again began to rise slowly. Calibrations

of the tranSient pressure measuring system were also carried out directly

in the reactors. In this case either dry ice or liquid nitrogen wa used

to generate the static pressure.

The pressure record was obtained by firing the time base and photo-
graph4ng the screen of the sc-illoscope. Several cadboard maosku re

made to fit over the film in the film holders of the camera so that

only a small segment of the film could be exposed at a time. A typical

pressure calibration trace is shown in Fig. 16. There are eight

positions on the film, each corresponding to a particular value of the

static pressure. The frequency of the carrier wave was 1080 cycles per

second for the trace 'shown in the figure. Frequencies between 1000 and

1200 cycles per second were used for all of the transient pressure

measurements so that the calibration traces simulated the actual condi-

tions of a run very closely. The amplitude of the traces were measured

on the photogLphic negative with an accurate centimeter scale.,
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Fig. 16. Calibration Trace, Transient Pressure
Measuring System.
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( r Plots of amplitude vs. pressure are shown in Fig. 17 and Fig. 18

for the four strain gages. The data shown in the figures were obtained

using the least sensitive of the five gain-ranges of the voltage ampli-

fier. The plots show that the measured amplitude is accurately propor-

tional to the applied pressure, except for the. small sero pressure

amplitude. The zero pressure amplitude was not zero because of the

finite size of the cathode-ray beam. The pressure measuring system was

calibrated frequently. The sensitivities of the system for the

important strain gage, amplifier range combinations are given in Table

14.

Table 14. Sensitivities of the Transient
Pressure Measuring System

Range of strain gage, Amplifier Sensitivity,
in lb. per sq. in. output in atm. per cm.

o- 500 1 7.68
0 - 150 1 2.31
0- 150 2 la6

0- 100 1 0.980
0- 100 2 0.524
0- 100 4 0.226

0- 50 1 0.629
0- 50 3 0.183
0- 50 4 0.133

Transient pressures slightly higher than 500-lb. per sq. in. were

obtained for certain of the fuel-oxidant systems under study. It was

likely, however, that the 0 to 500 Ib., per sq. in. gage had a linear

response weUl above its stated range. This is evidenced by the fact

that the rated full-scale millivolt output was not reached at a pressure
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of 500 lb. per sq. in. It is apparent from Fig. 18 that the gage was

calibrated up to 500 lb. per sq. in. It was not considered a safe

procedure to apply any more pressure to the calibration apparatus.

Several abrupt changes of calibration were noted for the 0 to 50 lb.

per sq. in. gage. The runs in which the gage was used were sufficiently

bracketed by calibrations so that the sensitivity changes did not affect

the pressure data. The calibration changes were found to be due to a

poor contact in the voltage amplifier. No further changes occurred once

the contact had been repaired.

A voltage divider was built that could replace the strain gage in

the circuitry. Periodic measurements of the amplitude of the osciflo-

scope trace using the same voltage divider were employed to ascertain

the stability of the circuit elements other than the strain gage.

Amp:plitu4e measurements made over a period of two and one-half years

showed a maximum deviation of 6% from the mean value.

Calibration of the Final Pressure Mea Systems

The calibration of the 0 to 160 lb. per sq. in. Bourdon gage has

already been described. The mercury manometer method was used to

measure final pressures for sme of the reactions studied in Reactor II.

The volume of the reactor varied during these measurements because of

the fact that different piping arrangements were used to connect the

reactor to the strain gage. The total volume of Reactor II and the

manometer connections for a particular piping arrangement was found to

be 387 1 3 cc. by an air expansion method using a ca3Lbrated gas buret

for reference. The volume of the manometer and connections was estimated

from their dimensions to be 62 cc. The volume of the reactor was thus

found to be 325 cc. The volume of the reactor with different piping
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' ( rrngmena was estimated by measuring the volumes of the individual

pipe fittings and correcting the total reactor volume. In this way the

manometer readings could be corrected for the expansion of the product

gases into the manceter.

The calibration of the 0 to 100 lb. per sq. in. strain gage in

cbination with the Midwestern oscillograph was made by applying atatic

pressures of carbon dioxide to the gage by the method described prev-

iously. The pressure record was obtained by running the chart drive of

the oscillograph for a few seconds for each pressure value. The distance

between the trace line and a reference line was measured with an accurate

centimeter scale. The result of the calibration is shown in Fig. 19-..

The expansion final pressure method that was used extensively with

Reactor II required the calibration of the large bulb system. To

( accomplish this a large vacuum dessicator was filled uith exactly 5000

cc* of water. The remainder of the volume. of the dezsicator was measured

by an air expansion method, cmparing it to &.calibrated gas buret having

a volume of 4!5.6 cc. The volume of the bulb system including connec-

tions was found to be 5,660 - 30 cc. by comparing it to the empty

dessicator. For these runs the reactor piping arrangement was the same

except for the number of valves attached to the reactor. Most of the

runs were made with a single valve. The reactor volume was found to be

339 1 2.5 cc. for this case. The volume added by each valve was

estimated to be 6 cc. so that the reactor volume was 333 cc., 339 cc.,

or 345 cc., depending upon whether no valves, one valve or two valves,

respectively, were used. For the one valve case, the pressure of the

product gases was reduced by a factor of 17.7.
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Calibration of Photocircuit II

Photocircuit 3I was stated to have a. nearly J.inear response. A

simple test of this based upon the inverse -square law. was made. The

filament of a 200 watt unfrosted light bulb served to approximate a

point source of light. The bulb was connected to the 125 V DO line so

that steay illwination was obtained. One of the observation arm of

Reactor In was detached from the remainder of the reactor. The Plei-

glass window was secured to one end of the observation arm in the usual

wq. The brass phototube container was then attached to the window

assembly in the manner used in making a run. A ground glass screen was

temporarily glued to the other end of the observation arm. Measurements

of the amplitude of the oscilloscope trace were made as a function of

the distance between the filament of the light bulb and. the ground glass

screen, The amplitude was .recorded by photographing the screen of the

oscilloscope using the same technique that was described in connection

with the calibration of the transient pressure measuring system. A

typical photoelectric calibration trace is shown in Fig. 20. The dis-

tance between the. parallel dotted lins is the. measure of the light

intensity. The linearity of the.circuiltcan he Judged frcu the constancy

of the product of the measured amplitude and the square of the distance.

The data are shown in Table 15.

The relative sensitivity of the gain ranges of Photocircuit II was

determined. This was accomplished by measuring the ratio of the ampli-

tudes produced by adjacent gain ranges using identical illumination.

The relative sensitivities are given in Table 16. The intensity 0f the

light emitted by different reactions, however, cannot be compared accur-

ately. Much of the light reaches the phototube by refection from
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1 2 3 I4 5 6 7 8

Fig* 20. Calibration Trace, Photocircuit IL.
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Table 15. Test of Linearity of Photocircuit II

Distance from source Amplitude, Product of amplitude
to screen, in inches in cm. and the square of2

distanice, in cm. in*2

27 0. 43 314~
19 0.80 289
12 1.91 275

9 3.28 266
8 4~.o3 258

556.t80 206

Table 16. Relative Sensitivity of Photocircuit II Ranges

Amplifier Aperture, Relative
setting in inches sensitivity

1 *015 100
3 *0.5 5.

1 NNO.3 29.9
3 **0.3 13.6

4 **0.33.91

*Without brass orifice
w*With braiss orifice

various. metal, surfaces within the reactor... The reflectivity of these

surfaces could not be considered constant from one run to another.. The

Plexiglass window was found to corrode gradualy 4 hrough contact with

corrosive reaction products. The Plexiglass window was frequently

polished to minimize the effect of the corrosion. In the later phases

of the research, a window made of one-eighth inch Kel-F was used to
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shield the heavier Plexiglass window from corrosive agents. No further

corrosion of the window was noted,

Rate of InJection

The injection rates obtainable with Reactor I were measured

McKinney. His method will be briefly reviewed. The clinder were

filled 80% full with chloroform; the remaining space was filled with

salt solution. Contacts were set up at the outlet from the jets.

Initially, a small drop of salt solution closed the coptact. When in-

jection began, the chloroform opened the contact. When injection was

80% complete, the contact was again closed by the salt solution. A 1000

cycle signal was impressed upon the vertical plates of the oscilloscope

through the contacts so that the time between the start of injection and

80% of complete injection could be recorded. MoKinney found that the

large piston descended in 9 mc. and the s13 piston in 5 msec. under a

driving pressure of 1700 lb. per sq. in. The pistons were operated separ-

ately during these tests. The descent of the small piston would probabdy

be slowed by the back pressure created by the stream i~suing from the

V large jet. The time-required to obtain the coplete evolution of oygen

in the reaction between acidic hydrogen peroxide and concentrated calcium

permanganate was indeed found to be about 9 msec.

Several measurements of the injection rate with Reactor I were made

in the present research. The method involved the use of fine copper

wires. Two of the wires were attached in the form of a cross by means

of a small bead of DeKhotinsky wax. The wax prevented the wires from

contacting each other. The bead was placed on one of the injection

plates so that the piston would land directly on the bead at the com-

pletion of injection. The bead was crushed by the force of the piston
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so that the wires were brought into contact, at least momentarily. A

1000 cycle signal was impressed on the vertical plates of the oncillo.

scope in such a wq that the signal would be short circuited fhen the

contacts closed. By counting the number of cycles recorded on the

oscilloscope, the time interval between the closing of the bomb contacts

in the pneumatic injector and the completion of injection was obtained.

McKinney found that piston descent normal32y began about one msec. after

the bomb contacts closed. The method had the advantage that both pistons

were operating in the usual fashion during the measurement. One measure-

ment using water in both cylinders, showed that the large piston completed

its descent 10.5 msec. after the bomb contacts closed. The measurement

clearly agrees with the result obtaned by McKiney.

Several attempts had to be made before the contacts could be properly

placed under the small piston. One successful measurement was made of

the injection of water. The trace is shown in Fig. 21. In this3 run, the

mall piston did not complete its descent until 14 msec. after the bomb

contacts closed. This result demonstrates that the small pist would

not have completed its descent until 3.5 msec. after the large one,

assuming that the large piston again required 10.5 esec, to descend.

The descent of both pistons in Reactor II must begin and end at

precisejy the same instant. The injection is followed by noting the tile

between pulses of light transmitted by either a serrated brass rod or a

striped Plexiglass rod that descends with the piston system. A number

of measurenats were made, of the injection rate for the injection of

I water from both cylinders of Reactor JI. A typical trace is shown at

the top of Fig. 22. The rod used in rnm 1136 was made of Plexiglass.

It was initially positioned so that the phototube was fully illuminated.
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Time -

Fig. 21. Timing Trace for Small Piston, Reactor I,
Time Base: 70 miec.



Time -0+

Fig. 22. Injection Rate Traces, Injection of Water,
Reactor Up, Time Base: U msec.
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-The stripes were evenly spaced so that there were four opaque and four

clear position.s per inch of rod. 'The stroke of the piston system was

set at seven-eighths inch so that three and one-half cycles were ex-

pected. The final condition would correspond to complete darkness. The

oscillation pattern on the photoelectric trace agrees with that expected

from the conditions of the experiment. A sine wave having a frequency

of 1080 cycles per second was recorded simultaneously on Oscilloscope I

and in shown at the bottom of Fig. 22. The wave was produced by

unbalancing the bridge of the strain gage, recording a signal of constant

amplitude.

The rate of injection was calculated from the trace in the follow-

ing manner: The distance from the start of the trace (at left of

figure) to each peak was measured with an accurate centimeter scale.

' (The length of the trace from the start to the timing mark (located about.

three-fourths of the way across the trace) was also measured. Onl one

120 cycle t mark appeared on this particular trace. The pulse gen-

erator that was responsible for the timing mark was connected to the

intensity electrode of both oscilloscopes so that the break in both

traces occurred at the same instant. The distance to each peak and to

the timing mark was also measured on the sine wave trace. The sae time

base drives the horisontal plates of both oscilloscopes. The deflection

sensitivity of the oscilloscopes were not identical, howsver, so that

the distance measured on me of the traces must be divided by the sensi-

tivity ratio. The sensitivity ratio is equal to the ratio of the

measured distances from the start o± each trace to the timing mark on

each trace. The distances to each pea:k on the photoelectric trace were

( reduced according l . The sine wave has a frequency of 1080 cycles per
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" s8c m. This frequency was pro-nt accurately since it in an even multiple

of 120 cycles per sec. The distance between each peak on the sine wave

trace then corresponds to 0.926 usec. A plot is made of the distance

frm the start of the sine wave trace to each peak vs. the time corres-

ponding to each peak. The tine corresponding -to each peak on the photo-

electric trace can then be found from the plot.

Each peak on the photoelectric trace corresponds to either a

condition of maxim.m light transaittancy or mnim lght tranasittancy.

The time between each peak nst then correspond to one-eighth inch of

descent of the piston system. A plot of the piston position vs. time

can then be mad*. The position vs. te plots for the injection of

water in Reactor I were found to be accurately linear. The slopes of

the plots were obtained by a least squares method. Some of the plots

obtained are shown in Fig. 23. The origin was arbitrarily placed so

that the least squares line would pass through it. The exact time of

the start and the finish of injection cannot be measured as accurately

as the rate of injection because the pitch of the markings on the rod

is knoun more accurately than either the initial or final positions of

the rod with respect to the light beam. The time of the start and

finish of injection, howver, could not be in error by more than 0.2 rses.

The data shown in Fig. 23 were obtained with Reactor II using the

one-to-one reactant ratio. Both cylinders initially contained water.

The runs were made as a function of the pressure of the driving gas.

The fact that the rate, of descent of the piston system is constant

throughout injection indicates that the moving parts must accelerate

very rapidly to the equilibrium velocity. All of the data obtained

for the injection of water are shown in Table 17. The rate of injection
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Table 17. Injection Rate Maiui'ements, Reactor II

142i'1 llliQI I.31

Pressure of*
Reactant driving gas, Injection

Run ratio in 1b. per time, in
sq. in* MOOe.

73 4 : 1 1800 4.27
98 4 : 1 1700 4.31

1 1 : 1 1950 1.79! 119 1 S 1 1]900 1.71
3.1z7 1 : 1 31oo 1.96
116 1 : 1 1000 2.21
120 1 : 1 600 2.84

S123 1 1 1 1700 19112 1 : 1 1700 1.91

(0 1 : 1 1900 2.65! 1 11800 2.83
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* (is expressed as the tine required for the pistons to desond seven-

eighths inch. Two runs 73 and 98 were made using the four-to-one injec-

tion ratio. Runs 4s. to. 120, inclusive, were made with ver lose

piston gaskets in order to avoid the effect of gasket resistance. Runs

123 and 124 were made with very tight gaskets. It can be seen that the

gasket resistance has on3,. a small. effect. on the masured injection rate.

This conclusion was also reached by McKinney during his studies of

Reactor I. Run 124 was made with the large driving piston initially

glued to the top of the driving cylinder rather than resting on the top

of the smaller pistons. The large piston would then strike the smaller

ones with considerable impact once the pnounatic injector was fired,

This violent start had no effect on the injection rate. Two runs 10 and

12 made early during the researcb showed an abnormally slow injection

* rate cmpared to the more recent data. This effect wr have been due to

the fact that a large nuber of runs of explosive reactions had been

carried out in the reactor between theme series of injection measure-

mentso The intersection of the 4ets with the eidb tube and the

intersection of the exit tube with the interior of the reactor were

grahal2y rounded and enlarged by the fore of the explosive reactions.

The geometry of the nixing pattern seemed to be conditIoned by the

reactions thenlwIves to give a more rapid injection rate.

No explosive reactions were studied during .the ..serios of runs 114

to 124. The data for these runs are shown in Fig. 2,where the linear

flow rate of the water through the exit tube Ia plotted against the

square root of the pressure of the driving gas. For the one-to-one

ratio with Reactor II the linear flow rate is related to the injection

or contact time according to Eq. 17:



97

18,000 7

LA

//

6,000 - 0

//

0

//

o0 OBSERVED
4j/ 0 CORRECTED7 --- THEORETICAL

2j00 7

10 20 30 40 so

SQUARE ROOT OF PRE5SURE -

LB. PER SQ. IN.

Fig. 24., Linear Flow Rate in the Exit Tube of Reactor II
as a Function of the Square Root of the Driving
Gas Pressure.

/7



98

(17) U * 8,2

t

where u is the linear flow velocity in the exit tube in cm. per see.,

t is the contact time in igec.

Sino the injection rate seem to be determined wholly by the resistance

to fluid flow andnot by the gasket resistance, it should_ be possible to

calculate the expected injection rates. Such a calculation is made in

Appendix I. The treatment is an empirical calculation based upon well

establiashed correlations described in standard engineering

treatise.s ' 3 35 Calculations ..were made for Reactor I for certain

reactant ratios both for the water injection and for the injection of

anbydrous bydrazine and adhydrous nitric aod. To derive an injection

rate cue must know only the properties of the fluid, the pressure of the
'2 driving gas, and the pertinent dimensions of the reactor. The values

calculated for the one-to-one ratio for the water injection are shown in

Fig. 24 as the dotted line. It is evident that the calculations predict
a much more rapid injection rate tb.en that observed.

The calculations show that the flow rate should be rough3y propor-

tional to the square root of the pressure. Chance 2 obtained injection

rates that were precisely proportional to the square root of the pres-

sure drop using identical mixing systems but at much lowr pressure

drope. It seemnd like3y, in view of the curvature of the observed plot

that the resistance to gas flow in the pneumatic injector might be

slowing the injection. If this were the case, there would be a pressure

drop due to the nitrogen flow from the gas storage reservoir of the

pneumatic injector to the driving cylinder. The preasure actualy driving

( the large piston would then be less than the value read from the Bourdon

gage located at the gas storage reservoir.



99

(A calculation of the proeu drop due to gas flow in the pneumatic

injector in given in Appendix II. The amunption in made that the

dri.ing gas prewure in the storage reservoir.does not change during

the period of injection because of the large ase of the reservoir

compared to the volum displacement of the driving pinton. It is also

assumed that .the pressure acting on the driving piston is constant

during the injection period. This. is evidenced .by the observed linear

character of the injection process. The gas expansion process can then

be treated approximately as a Joule-Thompson expansion. Such expansions

are very nearly isothermal so long as the pressure drop is not too

great. 6 The calculations in Appendix M are nade by the isothermal

mthod outlined .in a .paper by Beals and Docksay. To calculate the

pressure drop, it is necessary to know the rate of linear descent of

4 " the driving piston, the properties of the gas, and the pertinent dimen-

sions of the pneuatic injector and driving cylinder.

The result of the calculation is shown in Fig. 25. The pressure

drop is expressed -as the ratio of the effective driving gas pressure to

the pressure actual~y applied to the pneumatic injector. The pressure

ratio is plotted against the injection rate expressed as the time

required for the piston system to descend seven-eighths inch. The

effect of the turbulent friction created by the gas flow through certain

parts of the valve mechanism of the injector could not be evaluated

because of their complexity. This effect was ignored in the calculation

so that the results shown in Fg. 25 mq be very conservative.

1 The results shown in Fig. 25 indicate that a large pressure drop

did occur in the injector for sce of the rapid injections reported in

( Table 17. The calculation is not valid for pressure ratios approaching
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(- the critical value, The critical pressure ratio for nitrogen gas -i

0.28. At this ratio the gas flow in the injector reaches the velocity

of sound and numerous uncertainties are added to the problem.

The runs plotted in Fig. 24 were corrected for the calculated pres-

sure drop in the pneumatic injector by selecting the proper pressure

ratio frm-the graph shown in Fig. 25. The corrected data were plotted

in Fig. 24 and a solid line drawn through the points. The calculated

injection rates (the dotted line in the figure) are still about 18%

higher than the corrected values; however, the corrected data show much

better agreement to the predicted proportionality between the flow rate

and the square root of the pressure.

It is of interest to compare the observed injection rates to those

predictable by the simple formula given by Chance and discussed in an

earlier cuapter. Chancets formula is given by Eq. 13:

(13) v2  .

wheze V is the total volume flow rate in co per sec..,

AP is the pressure drop in lb. per sq. in.,

Ao is the area of the observation tube in sq. mm.,

K1 is an empirical constant having a value 0.3 to 0.8.

The effective pressure drop across the mixing.plate of Reactor II is

much higher than the actual gas pressure in the pneumatic injector

because of the hydraulic advantage of the piston system. For Ahe one-

to-one ratio, the power gain of the mechanical system is equal to the

ratio of the area of the driving cylinder to the combined areas of the

saller cylinders, Tis ratio was calculated from the measured dimen-

sions to be 5.09. The area of the exit tube (Chance's observation tube)
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in the mizin plate was found to be 11.7 sq. am. A nean value of K1 was

taken as 0.5. Introducing these values, Eq. 13 reduces to:

(18 3 870

t

where P is the effective driving pressure in lb. per sq. in.,

t is the contact time in msec.

The injection rate data are smmarimed in. Table. 18, along-with the effec-

tive driving presmre calculated by means of the fluid dynamic analysis

given in Appendix I and by means of the Chance formula.

Rate of Miximg

The rate of mixing obtainable with Reactor I was measured by

xicnney. 3  1e showed that the entire contents of the cylinders could

( (~ be injected and mixed in a period of loe than 10 msec. by measuring

the extent of a reaction known to be very rapid.

A similar method was used to evaluate the mixing time for Reactor

11. The pressure rise for the reaction between sodium-potassim alloy

and water was found to reach a maximwum in a time equal to the known

injection time. This was demonstrated by making a simultaneous measure-

ment of the injection rate and the pressure rise for the sodium-

potassium alloy vs. water reaction in Reactor II. The result is shown

in Fig. 26. The pressure maximum occurred 2.1 mec. after the start of

the pressure rise whereas the injection required 2.3 asec. The time

corresponding to the ma3tmun pressure can be measured witbin an accuracy

of onl about 0.3 msec. because of the scatter of the pressure points

and because only one point is obtained every 0.8 to 1.0 msec. depending

upon the frequency of the carrier wave. The start of the pressure rise

came about 1.5 msec. after the injection began. This effect was noted
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5in every run carried out in Reactor 11. The delay is thought due to the

time required for the first pressure pulse to travel the distance from

the exit tube of the a'zu- plate to the diaphrag, of the strain gage.

A large number of runs of the system sodiuma-potassita alloy vs. water

were made in which the time. to the madia=..preasure.was, about equal -Lo

the injection time exected from the data reported in the previcus sec.

tion.

The rate of the sodium-potassium alloy, water reaction was found

to be too rapid to measure in Reactor I. The agreement between the

tim required to reach a m&xim pressure an4 the injection time in

Reactor II indicates that the reaction rate is also too rapid to measure

in Reactor I. This agreement also indicates that the reactants were

mimed essentially at the same rate that they were injected. It is

- likely that very little of the reaction heat was transferred to the

wale of the reactor in the time required. for.injection. Indeed, the

observed marxlum. pressures for the reaction in Reactor II were consider-

ab1F higher than that ap eted* from. the stoichi m etric, yie3d of hydrogen.

If a significant quantty of the reaction.heat were transferred to the

reactor walls during injection,.it would, have been possible to observe

a pressure maximum before the completion, of adving. The slow decrease

of the pressure during the period.beyond about 5 asec. after injection

suggests,, however, that. the reaction products. did. cool very slowly.

A number of previous investigations have been made of the mixing

efficionoy obtainable for the nixing of equal volumes of reactant solu-

tions in "TN type mixers. The results of these studies'* indicate that

the mixing of reactants in Reactor II should 1e very thorough.

.Shovn in Tables 3 and 4.. Chapter 1.
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The results of theme studies are not directly related to the mixing of

reactants in Reactor I becaseu of the very unequal amounts of reactants

contacted in Reactor 1. The ixing plate used in Reactor II has two jets

discharging into an exit tube. The diameters of the Sets are 2.5 am.;

the diameter of the exit tube or miing chamber in 3.9 ma. A "T" type

miar described by Trouwe also empl4Fs two jets, The diamter of the

jets and the observation tube (exit tube) was 0.7 a. Trowe found that

reactant solutions ire mixd 97%, 5.7 m. downstream from the jets. Nis

measurements mere made at a linear flow velocity of 440 cm. per see.

referred to the exit tube. MViIlkan sttdied the extent of nixing in

another sS type mixer as a function of the flow velocity. Hi foand that

the distance downstrea to the point of 97% vxin rapidly moved toward

the point of first contact of the reactants as the flow velocitieb were

(i increased. The linear flow velocities in the exit tube of Reactor II for

all rum vaAied between 3,000 and 31,000 on. per se. so that mixin

should be completed in a very short distance. The exit tube of Reactor

TI is 8 ma. long. The stream emerging frca the exit tbe tra v s about

25 m. through an unconfined area and then strikes a baffle plate to

further complete the xiing of the reactants.

The time of residence of the stream in the exit tube of Reactor II

varies between 0.07 and 0.27 eoc. for the range of flow veloeities

eployed. The stream requires in all from 0.3 to 1.1 e00, to travel

from point of first contact to the baffle Plate. Under an wimatorable

assuption, then, it would require only 1.1 asec. at the slowest fl6w

rate to complete the mixlng in addition to the time required to inject

the reactants. For the study of ignition dela, the injection time is

of no interest except as it affects the m4udn efficiency. It is oW7



107

the tit between the oontaot and the capletion of nixing of a given

fluid element that is of importance, since premably the first element

of fluid to be injected in the one that will first ignite.

Re~pose of the Tranuient Pressure Mauru &stem

During the early phases of the researh, a great deal of difficulty

was encountered due to the presence of noise in the pressure traces. It

was found necessary to conect the strain gages to the reactors in such a

wq that there was no metal-to-metal contact between them. This Oliln-

ated host of the rando= disturbances present in the early traces; however,

a periodic vibration of the amplitude of the pressure traces reuined.

An exauple of the noise present in some of the traces from Reactor II is

shom in Fig. 27 and Fig. 28. Fig. 27 shows the appearance of the traces.

( The pressure data for one of thea is plotted in Fig. 28. The points

represent the measured amplitude for each cycle of the 1200 cycle carrier

wave. The dotted line was drawn through the points indicating the

periodic nature of the disturbance while the solid line represents a time

average value of the pressure.

It was very unlikely that the source of the noise was in the strain

gage since the natural frequency of vibration of the strain gage dia-

phragm is stated by the manufacturer to be above 2000 cycles per sec.

Ihe characteristics of the noise were unchanged by using a different

strain gage. It was thought possible that sow part of the reactor was

set into vibratidn during the injection process and was causing the

noise. A nuber of rbns were made in Reactor II in which the gaskets

used to seal the various conections were drastically altered. In some

(cases, the parts were rigidly bolted together without gaskets. The

general nature of the noise was unaffeated by these variations. Several
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K Fig. 27. Transient Pressure Traces of the Alloy,
Water Reaction, Runs 17 and 21, Reactor 11I,
Time Base: 100 msec.
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rus were made in which a high frequency carrier wave was used to supply

the bridge of the strain gage Again no change was observed in the noise

present in the pressure trace, indicating that the difficulty was not

electrical in nature.

Since the source of the noise could not be-identified with ar part

of the apparatus, it was tentatively assumed that the noise was a real

manifestation of the reaction process. An attempt was then made to

attenuate the vibration in the coupling between the reactor and the

strain gage. To capare the traces obtained during this studp, a noise

index was defined. The noise index in defined as the .per cent deviation

of the worst single point on the pressure vs. time plot from the time

average value. The noise index for the rn plotted in Fig. 28 is 30%.

A rnm was made with a cork obstruction in the piping connecting the

reactor to the strain gage. The trace is shown in Fig. 29. For this

run the time required for the pressure to reach a aximm was 5.9 msec..

but the noise index. was .only 8%. It was apparent that the noise had been

la-gely removed but at great expense to the time response of the pressure

measuring system. The fact that the disturbances could be removed by

plaaing obstructions in the connecting arm between the reactor and the

strain gage indicated that the pressure in the reactor was actually vary-

ing periodically as the traces indicated.

In order to secure interpretable pressure traces, it was necessary

to seek a comprcaise between the response of the pressure measuring

system and the saplitude of the noise. A series of runs was made of

the sodium-potassium allay vs. water reaction in which the number of 900

pipe elbows on the piping between the reactor and the strain gage was

varied. The data obtained from the series of runs is mmarised in

Table ,19.
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Fig. 29. Transient Pressure Trace of Alloy, Water
Reaction, Showing Delayed Response, Run 27,
Reactor II, Time Base: 100 msec.

j
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( Table 19. Response of the Pressure Measuring Sywtva

R n mber of 900 Tim to axism Nois index,
No. pipe elbows* pressure, in awo. in per cent

30 0 - Ca. 100
37 2 2.1 39
39 4 1.6 24
143 1.8 19

140 52.2 12
414 2 .2 9

147 10 4.o 8

One-quarter inch steel. pipe, .actual in de diater 0.36 Inch.

Titere was no- apparent delay in -response . i-ncreasing the. number of pipe

elbows from 0 to 5j how vr, a substantial attenuation of the noise was
( .obtained. When 10 pipe elbows wre employed, the response was seriouwly

delayedo , -The final..apparatuB wasl arranged so tha t there wn five 90

bends in th piping betwn the srain ge and the ractor to give the

best possible ooprcmise between the response and the noise.

An attempt was us&d to further decrease the noise level b adding

a sharp d~ed. orifice to the piping. An orifioe having a diameter of

0.22 inch increased the tim required to record the pressure rise to4 ~5,5 unc. The traues obtained using Reactor I had a noise index of only

a few per cent. This was thought due to the fact that the connecting

an bad a one-inch long channel having a dimeter of only 0.19 inch.

It would appear that this channel would attenuate the noise quite

K thorougkhy. A scmewhat slower response time would not affect the data

obtained with Reactor I because of the much slower injection rate.
(
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Befor'e beginning a discussion of the vaxious reactions wich ware

studied, a-ealddscito fthe technique of operating the roe-

tore and the electronic apparetus il be Siven. In this section, the

discussion will be limited to the handling of cheicals that can be

j exposed to the air. Certain reactants required special handling techi-

niqves3 the discussion of these will be deferred until the reactions

themselves :11W discussed.

Rxprlents with Reactor I

The, exprimental procedure that was used to secure pressure vs. time

daawith Reactor I is as followas The. neoprene, piston gaskets wore first

4 ( polished by rubbing then with powdered graphite. The Pistons more then

[ inserted into the cylinders. The cylinder block was inverted and

supported on a wooden support so that the reactant solutions could be

{ poured into the cylinders. Mhen the cylinders ware flla, the injection

plates were boltod, on to the cylinders. A thin film of either po3ly-

ethylene or Teflon, was placed between the cylinders and the Injection

plate* so that the solutions ould not flow through the jets prematurely.

The remuinder of the reactor parts ware tkon assembled and secured.

Te electronic apparatus was turned on and alowed to warm up.
Most of the adjustments were made by means of the switching circuits

shown in Fig. 7. At first, switch 831 was set in position I and 532 in

position A. In this position the vertical pl.ates of Oscilloscope I ware

connected to a 60 cycle signal taken from, the AC line. The horisqutal

( plates ware concoected to the aw-tooth oscillator bilt into the Dui Mont

3113



instrment. The sawtooth oscillator s thennchronize with the 60

cycle ine usin the controls on the panel of the Du Nont instrw--nt,

Switch M11 was then turned to position II. In this positionAhe vertical

plates of Oscilloscope I were cc=nected to the output from the pulse

generator. The pulse generator was adjusted to the desired frequency,

either 60 or 120 cycles, and synchronised to the saw-tooth oscillator.

Switch 1 was then turned to position 1I1. In this position, the

vertical plates of Oscilloscope I were connected to the output from the

voltage amplifier* The desired gain range of the voltage amplifier was

then chosen. The carrier wave generated by the audio oscillator was

adjusted to the desired frequency, either 1080 or 1200 cycles. The out-

put of the carrier wave from the power amplifier was next adjusted to 20

1units on the panel meter. The bridge of the strain gage was then

balanced both resistively and capacitively so that the amplitude of the

signal was at a minine Stitch 812 was turned to position B or C with

sitch 51 remaining in position III. In this position the horisontal

plates of Oscilloscope I were connected to the time Ibaa generator also

shoon in Fig. 7. The desired time base was chosen by adjusting switches

SW3 and 041. Times ranging from 0.01 to 0.30 seconds were used. The

tine base could be tested by closing switch S16 momentarily. The trace

was next positioned on the screen of the oscilloscope. The horizontal

position was adjusted by means of R32 and the vertical position by means

of the vertical control on the panel of the oscilloscope. With switches

•1 and 51' in position III and position B or C, the transient pressure

meamurig system was ready for operation.

The camera was next mounted in front of the screen of the-oscillo-

( scope and the shutter opened. The driving gas was then charged into the
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pneumatic injector from a nitrogen tank. When the gas pressure read

from the Bourdon gage mounted on the pneumatic injector reached the

desired value., the injection was begun by manually rotating the cooking

block. A few seconds later the shutter of the camera was closed. The

procedure used to measure the final pressure of the reaction products

has been described previously. The electronic apparatus was then turped

off, the reactor dismantled, and the pars cleaned and dried.

The procedure used to obtain a light intensity trace using Reactor

-requires that all the previous adjustments be made except for the

adjustments involving the voltage amplifier and the balancing of the

strain gage. All photoelectric measurements of reactions in Reactor I

were made with Photocircuit 1. The output of Photooircuit I was comec-

ted direct y to the vertical plates of the oscilloscope, The gain range

SIC of the photocircuit was selected and the "dark signal" adjusted to 20

units on the small pawel meter. Having completed the time base .and

pulse generator adjusntments, the pneumatic injector could be fired.

Experiments with Reactor 31

Several combinations of measurements were made with Reactor T2.

Simultaneous measurements of the light intensityr and the transient

pressure were made, Simultaneous measurements of the injection rate

and the transient pressure were also made. Some transient pressure

measurements were made with no simultaneous photoelectric measurement.

The experimental procedure varied only slightly for these different

4 casee. A view of Reactor I and the electronic apparatus io shown in

Fig. 30. The reactor is set up for a simultaneous measurement of the

( light intenity and the pressure rise.

*



A' ~* 116

S
9,
0

4)E
i 0.

-~

*1
4)I C,

1-4
H

4,
I Uasa)

1 '9V
9,

1 0
0

S

I
I, ('



( The mirzin plate in first bolted to the desired cylinder block. A

0.03 inch thick Teflon sheet was used to gasket this connection along

with a continuous flm of Teflon. The thicker gasket is partly crushed

when the pistons complete their descent. This formed a tight seal to

avoid the escape of the product gases to the atmosphere. The thinner

gasket prevented the reactants from leaking out of the cylinders

prematurely under the influence of gravity. The baffle plate assembly

was then attached to the nixing plate. The reactants were added to the

top of the open cylinders by means of automatic pipets which delivered

just the correct amovt of material. The pistons were then prepared by

rubbing either inert grease or powdered gra*hite into the neoprene

gaskets. The pistons were next inserted into the cylinders. The air

above the reactants escaped through the fine holes in the pistons. The

pistons were lowered to the desired height. In some sana the amount of

reactants was varied,. For these rims, the pistons were lowered and the

distance easured accurately with a machinist t scale; the excess

reactants were removed gradually as they streamed out oZ tuhe fine holes

at the top of the pistons. For most of the runs, the pistons were

lowered by means of a brass jig to a height that would lead to a stroke

length of exactly seven-eighths inch. The amount of reactants originally

added by the pipets would then just fill the cylinders. A tiny Teflon

gasket was then inserted into the top of the small hole. The mall

piston caps were screwed into these holes. For a run in which the injec-

tion rate was to be measured, the serrated rod assembly was next placed

into position. The remaining parts of the reactor were then assembled

and scured*

For ruMs in whichthe light intensity was to be measured the
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S(- phototube container was attached to the window assemb y at the end of

one of the obsermation arss. The container could be fitted directly

on the reactor frame and supported by the reactor when it was intended

to use Photocircuit II. The container was supported separately by a

ing stand and connected to the window assemb3y by a thin coil of sheet

rubber or paper, however, when it was intended to use Photocircuit III

because of the much higher sensitivity of Photocircuit III to mechanical

vibrations. For runs in which the injection rate was to be measured,

the phototube container was mounted as shown in Fig. 15,

The electronic adjustments that had to be made for sioltaneous

pressure and photoelectric measurements wre as follows: The transient

pressure measuring system was first adjusted by the method already

described in connection with Reactor I. The output of any of the three

photocircuits was connected to the vertical plates of Osilloscope II.

The output signal from the chosen photocircuit could be viewed on

Oscilloscope II by turning switch SW, shown -in Fig. 7, to position 3

when sWitches Sil and S12 were in positions III and A. respectively.

This connected the saw-tooth oscillator contained within Oscilloscope

I to the horizontal plates of Oscilloscope II. The desired gain range

of the photocircuit was then selected by adjusting the control on the

panel of the photocircuit. Switch SW? must then be turned to position

D. With switches M1I and 52 .in positions III and B or C, the time base

was tested an Oscilloscope II by momentarily closing switch SW6. The

photoelectric trace was next positioned on the screen of Oscilloscope

" II. The horizontal position was adjusted by means of R33 and the

vertical position by manes of the vertical control located on the panel

( of Oscilloscope 33* The entire apparatus was now ready for operation.
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( Both cameras were then uonted in front of the oscilloscopes and

the Wbttera opened. The driving gas was then charged Into the plematc-.

inJector. The injector was beg= b mby us&, rotting th. cooking block.

After the reaction, the oawmnrA shutters more closed, ths eleotoCniC

aparatus turned off, and the reactor dismantled.



STUDIES OF VARIOUS R)PACTIONS,

Studies were made of the reaction of sodium-potassium alloy with

water and ethanol. These studies were designed to supplement the

results obtained by McKinney, Studies were also .iade of several fuel-

oxidant systets. The fuel-oxidant systems included:

A. Nitric acid vs. bydrasine

B. Nitric acid vs. aniline

C. 1 drogen peroxide vs. hydrasine

D. Nitric acid vs. liquid amonia, bydrasino mixtures.

Reaction of Sodiumo-potassium Alloqy with Water in Reactor I

Alloys of sodiv and potassium are liquids at room temperature

over a moderate range of composition. The alloy used for this study

was obtained from -the Mine Safetv Appliances Co. The alloy was analysed

by the method outlined in Appendix III and found to contain 83.9%

potassium by weight. The alloy reacts rapidly with both water and

ozygen so that. special techniques had to be used in order to load the

reactor. A modification of the procedure used by McKinney to load

aluminum borobydride into Reactor I was used in the present study to

load the alloy into the smll cylinder of Reactor I.

In this procedure, a hypodermic needle was attached to the Jet of

the mall injection plate after the plate was attached to the cylinder.

By means of a hole in the reactor above the small cylinder, it was

possible to connect a long thin rod to the small piston so that it

could be moved up and down within the cylinder. In this Way the small
(

piston served as the plunger of a syringe. McKinney distilled the

120



121

( borolydride into a sall vial that was closed by a thin rubber cap of

the type used for insui containers. The needle then was pushed through

the rubber cap,. The cylinder could...then be filled without bringing the

borobydride into contact with the atiosphere. The rabber cap method was

not used, however, for the alloy. The alloy was first freed from solid

material by distillln about 10 cc. into a small glass vial. The entire

sample was distilled to avoid fractionation. The distillation was

carried out in an all glass high vacuum apparatus using a smoky toreh

flame, The alloy in the vial was 'then covered by distilling a few cc.

of dibutyl ether into the vial. The dibutyl ether was first purified by

dzing over sam of the a.loy and by b4b to bulb distillation* The

vial was then removed from the vacuum apparatus and opened to the atmos-

phere. To load the reactor, the hypoderuic needle was imersed through

the other laer and into the alloy before the plunger was raised to fin

the cylinder. The vial was weighed both before and after loading the

reactor. The weight loss then gave an accurate indication of whether

the cylinder wts filled or not. The b-podermic needle was then removed

and the large cylinder filled in the usual manner.

The reaction of the alloy with ecess water can be represented by

Eq. 19.

'(19) N + 2 o MR + 0.52

A typical pressure vs. time trace in shoun at the top of Fig. 31, The

data from the trace are plotted as curve B of Fig. 32. Curve A is a

plot of a run made by McKiNne" of the same reaction. The theoretical

pressure expected from the bydrogen generated according to Eq. 19 is

shown at the lower right of the figure. The pressure vs. time ourves
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z

Fig. 31, Transient Pressure Traces of Afloy, Water

( Time Base: 230 minec.
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(show two maxima, which were not entirely reproducible. In the run due

to McKinney, curve A, the second pressure maximum occurred 40 mec.

after mixing began, while in the run represented by curve B, the first

pressure maximum was much lower and the second displaced much farther

in time, occurring same 86 mec. after mixing began.

The data for the sodium-potassium alloy, water reaction are

summarized in Table 20. Some of the data obtained by McKinney are

included in the table. The second column of the table is the pres-

sure of the first maximum minus the pressure corresponding to the

minlimum. This overawing is due to the heat of the reaction. The third

column of the table gives the pressure corresponding to the minimum.

This pressure is to be compared to 0.62 atm., the calculated pressure

of bydrogen generated according to Eq. 19. The fourth column of the

table gives the pressure corresponding to the second maximum. The

second maximum will be shown to be due to an explosion occurring between

the hydrogen liberated by the reaction and the air present initially in

the reactor. The time between the second maximum avd the beginning of

injection is given in the fifth colmn of the table. The sixth column

gives the final pressure of the reaction products measured on the 0 to

160 lb. per sq. in. Bourdon gage.

The first group of data in the table were obtained with laboratory

air present in the reactor. The measured final pressures are well

below the calculated bydrogen pressure of 0.62 atm. which is in agreement

with the bypothesis that there was a hydrogen, ozygen explosion occur-

rirg. The window was built into Reactor i to further verity the

existence of an explosion. In rM 33, a very bright yellow flash was

noted visually through the window. A run was made using Photocircuit I.



- 125

co cc c .0 .0.00 a @.ib

04

0 
cV

*0~~r $ $41.* C~4 4

0.

o3 H 4

@ 00 0060 000

V% ~ ~ ~ 4 NOO

*' l* 4 C d4



1.26

The photoelectric trace is shoui In Fig. 33. The light emission began

about 17 usec. after mixing began.

The poor reproducibility of the height of the first maximm and

the ignition delay of the explosion is probably due to the uneven descent

of the two pistons in Reactor I. It is likely that the large piston

started to move first. This would force water into the small cylinder

containing the alloy. This early reaction heated up the unreacted alloy

so that the reaction eventually took place at a higher temperature. The

effective reactant ratio for the reaction occurring in the small cylinder

was closer to unity than if proper mixing were obtainedt This could

produce excessive heating of a small amount of material and give rise to

the large firat maximum. The shortened ignition delay was also probably

o due to the high teuperature created by the uneven starting of the pistor.

* The runs plotted in Fig. 32 show the extreme cases. Run 59, curve B, had

a very small overawing and a long ignition delay while rum l45, curve B,,

had a large overswing and a short ignition delay.

The effects of the delay in starting of the small piston on the

alloy, water reaction would be more serious if the small cylinder were

not fulln. The method used by McKinwe to load the alloy into the reac-

tor gave no indication of how much alloy actually entered the cylinder,

The method used in the present study made it possible to judge how full

the cylinder was. For the runs reported in Table 20, the weight loss

of the sample vial varied between 0.83 and 0.90 gn. except for run 36

in which the weight loss was only 0.62 g,. Reference to the table will

show that run 36 showed a relatively high overawing and a shortened

ignition delay.

Several rwns were made to test the effect of additives and changes
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Fig. 33. Light Intensity Trace of Alloy, Water
Reaction, Reactor I, Time Base: 65 rnsec.
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of atmosphere. The reactor atmosphere was flushed with nitrogen in

several z'm. This was acooplsled by flling a shallow glass tbray in

the interior of the reactor with liquid nitrogen before the reactor was

completely assembled. The liquid nitrogen evaporated gradual y after

the reactor had been assembled. The gas was allowed to escape through a

valve located on the piping leading to the strain gage. Several hours

were then allowed for the reactor to reach room temperature before the

injection was begun. It is not certain how much of the oxygen of the

original reactor atmosphere was removed by this procedure. It was esti-

mated that th o3ygen content was reduced to a value between 5 and 10%.

The data are shown in Table 20. This procedure was carried out in the

case of run 52. The ignition delay was reduced to 37 aaec. even though

there was a low first mainaum. When the water was replaced by a solutica

0.036 M in acetaldedbyd, the delay was found to be 40 maec. The aeet-

aldebyde was added to remove the dissolved o3gen from the water. When

the reactor was flushed and the acetaldehyde solution used, there was

no ignition. The traoe, rn 60, is shown at the bottom of Fig. 3l. It

is apparent from the trace that there is no second maximu. In this

case, the final pressure was closer to the expected yield of hydrogen.

Two runs were made of the reaction of the alloy with an excess of

10 N KOH solution. With air present in the reactor, the ignition delay

was 44 seco When the oxgen content of the air was reduced to 5 or 10%,

the ignition delay was reduced to only 22 nse.

Reaction of Sodium-potassium Alloy with Water in Reactor II

A different procedure was used to load the a3lo into one of the

cylinders of Reactor II. The allo was purified in a few cases by

distillation. In most cases, the allay was freed of oxide and other
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( solids by filtering it through a fine glass capillary in a high vacuum

apparatus. About 5 cc. of alloy were transferred fras the steel con-

taner in which it was delivered from the manufacturer to the glass

vacuum apparatus by mans of a 5 cc. hypodermic syringe having a four

inch needle, The opezing in the vacuum apparatus was then sealed off

The system was evacuated and the-alloy heated sightly to increase its

' fludity , Nitrogen pressure was then applied to the alloy forcing it to

flow through a fine glass capillary about ten inches long. The alloy

discharged into a vial which could be sealed off under vacuum. The

alloy showed no trace of either hite oxide particles or dark solid

impurities after this treatment.

The reactor was loaded by transferring the alloy from the vial to

the cylinder with a medicine dropper in a dry-box. The dry-box atios-

phere had to be free of both water vapor and oxgen. The' dry-box was

made from a large desiccator. The top of the desiccator was replaced

by a ome-eighth inch thick brass plate. The plate had three large holes

in it. Two of these openings could be connected to rubber work gloves

and the third was covered with a Plexiglass sheet. The brass plate was

sealed tightly to the desiccator by three one inch wide rubber bands,

tightly stretched over the connection. The reactor was partial23

assembled and inserted into the desiccator along with the closed alloy

vial and accessory tools. The desiccator was sealed and the atmosphere

flushed overnight with Matheson Co. "prepurified" nitrogen that first

passed throgh a heated copper trap and a phosphorus pentoxide drying

train. After about ten volumes of nitrogen had passed through the

dry-box, the alloy could be handled with no trace of atmospheric
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( oxidation. The cylinder was then filled in the -dry-box -by the procedure

described in an earlier section.

The alloy, water reaction was studied in Reactor II at a volume

ratio of one to one. This corresponds to a-2.3 to 1 stoichiometric

excess of water. Although the reactant ratio was fixed, the absolute,

amount of the two reactants could be varied from about 1.2 cc. to 0.0

cc. The reaction has been mentioned in connection with the rate of mix-

ing at,,d.es and the study of the response of the transient pressure

measuring system. Examples of the type of traces obtained are shown in

Fig. 27 and Fig. 29. A pressure vs. time plot is shown in Fig. 28.

Several simultaneous measurements of the light emission and the

pressure rise. were made. A typical pair of traces are shown in Fig. 3

The light emission began at the same instant that injection began, i.e.,

the ignition delay was sero. The photoelectric trace shown in the figure

(Phot-oircuit I) indicated that the light emission preceded the pressure

rise by about one meec. This is again believed to be the time required

for the first pressure pulse to travel the distance from the mixin

chamber to the diaphragm of the strain gage. rhe operation of the photo-

circuit is essentially instantaneous. The light emitted by the reaction

overloaded Photocircuit I so that no plot of the time distribution of

the intensity could be made. The emission persisted, however, for about

20 msec.
The data obtained for the ally, water reaction are given in Table

21. The second column of the table gives the calculated finaL pressure.

A differing amount, of reactants was used for the runs. The filna pres-

sures wre calculated from Eq. 19 for the measu-ed quantity of alloy

introduced into the reactant cylinder, the volue of the reactor for the
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Fig, 34.. SiutnosPesr n Light Intensity
Tracs ofAlly, WterReaction, Ran 24.,

RatrII, TieBs:10msec.
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( particular run, and room temperature. The third column gives the pres-

sure at the maximum. The fourth colum gives the measured final

pressure. Some of the measurements were made with the Bourdon gage;

others were made by the mercury manometer method. The final column

shows the calculated minus the observed value for the final pressure.

The first group of data more obtained with laboratory air present in

the reactor initially. The table is arranged in the order of the

amount of reactants employed. The maximum pressures generally decreased

as the amount of reactants wore decreased with the exception of run 43

where it appears that the explosion was inhibited in same wa. The

difference in the calculated and observed final pressure values indi-

cated that the explosion consumed 30 to 50% of the hdrogen yield

(ecluding run 43).

( Several runs were made in which the reactor atmosphere was flushed

with nitrogen. I two rms, 21 and 19, the reactor was flushed with

tank nitrogen that was stated by the supplier to contain about 1%

o]ygen. Two valves were connected to Reactor 33 so that the atmosphere

could b e flushed very thoroughly. In two runs, 18 and 17, the reactor

was flushed with Matheson "prepurified" nitrogen which had been first

passed through a heated copper trap and through a phosphorus pentoxide

drying train. The water used for these two runs was boiled and loaded

into the reactor while hot. The water had several hours to reach room

temperature while the reactor .was being. flushed. :These runs showed a

maximum pressure lower than those obtained with air present. The agree-

4 ment between the calculated and observed final pressures was also much

better. The constant discrepancy, ca. 0.21 atm., in the calculated

(_ ) minus observed value in the ozygen free runs is probab3y due to
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unreaoted alloy remi n in the lead tube and jet of the mixing plate.

Reaction of Sodium-potassium A3lay with Ethanol in Reactor II

The procedure for loading the aflco into Reactor II has already

been described. Gold Shield Absolute Alcohol was used without further
purification. The alloy was loaded in the dry-box, while the alcohol

was loaded quickly in the air. The reaction was studied at a volume

ratio of one to one, This corresponds to a 1.142 to 1 stoichiometric

excess of the alloy over the alcohol, The reaction can be represented

by Eq. 20.

(20) M + C2050H C 2 OM + 0.5 2

Three runs were made of the reaction carried out in the presence of

laboratory air and three were made after the reactor had been thoroughly

flushed with the high3,y purified nitrogen described previously.

A typical pressure vs. time plot for the reaction carried out in

the presence of air is shown in Fig. 35. A powerful light flash was

observed visually for these runs and hence the second maximum probaby

involved the bydrogen, o3gen explosion. The calculated and observed

final presmres are shown at the lower right of the figure. Carbon

deposits were found in the reactor after the runs suggesting the

participation of alcohol in the explosion. Unreacted alloy was also

found after each run. The data are summarised in Table 22. The

reaction shows two pressure maxima, The pressure corresponding to

the first maximim was of the correct order of magnitude to attribute

to the hydrogen liberated by the reaction as expressed in Eq. 20,
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Table 22. Reaction of Ethanol with a 1.42 to 1
Molar Excess of Sodium-potassium Alloy
in the Presence of Air, Reactor II

Calculated Maximum Observed Ignition
Run final preseure, pressure, final pressure, delay,

in atm. in atm.. in atm. in msec.

55 0.23 2.54 0.14 1.8
56 0.50 3.72 0.38 4.5
57 0.40 3.90 0.33 5.5

Because of the low value of this pressure and the noise associated with

the traces frm Reactor II, it was not possible to evaluate accurately

the pressure variations occurring during the first few msec. of the

reaction. The beginning of the second maximum was clearly delayed as

indicated in the fifth column of Table 22. The observed final pressures

were somewhat below the values calculated from the expected yield of

hydrogen. The exact significance of the final pressure is most uncertain

because of the fact that carbon deposits were found.

A typical pressure vs. time plot for the reaction carried out in

inert atmosphere is shown in Fig. 36. The curve at the left was obtained

from an oscilloscope trace in the usual way; the curve at the right was

taken from readings made on the mercury manometer for a period of over

an hour. The calculated final pressure is shown at the right of the

figure. There is only one maximum. The pressure variations occurring

during the first 30 msec. of the reaction could not be ei :iated very

accurately because of the effect of noise on the very low pressure

values involved. The data are shown in Table 23. The reaction responsi-

ble for the slowly rising pressure occurring beyond a minute after the

initiation of the reaction is not known.
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Tbe2,Reaction of Ethanol with a 1l42 to1

Tabl 23.Molar Excess of Sodium-potassium Alloy

in the Absence of Air, Reactor' n

Calculated Pressure Pressure Pressure
Run final pressure, at 100 msec.,., at 1lu in., at 1 hour,.

in atm. in atm. in at.. in atm.

580.409 0.16 0.13- *

59035- 0.12 *
60 0.445 0.22 0.214 0.23

*A Ealyq7 rising pressur was noted but not followed.

Pressure Masurements. of the Wyrain,.Jitric Acid Reaction

The nitric acid used in the study wan prepared by the vacuum dis-

tillation of a mixture of nitric and sulfuric acids. *Approimately 100

cc* of Minrck Reagent Grade Fuing Nitric Acid$ about 95% Koo03. and 100

Acc. of General Chemical Co. Reagent Grade Sulfuric Acid, about 95%

H25014 $ were amed and placed in a 250 cc. flask contained on an all

glass high vacuum apparatus. The mixture was cooled to 000 by men

of an ice bath before the apparatus was- evacuated. The anhydrous nitric

acid was collected in a large trap cooled by a dry ice, tricbloroethylezw

bath. It required about 30 hours in a vacuum of 10-4 am. Ng to collect

5cc..of the anbydrous material. The material was then distilled in

vacuum into a large vial and removed from the vacuum apparatus. The

acid was poured quickly into a, 250 cc. Zrlenmeyer flask having a ground

glass stopper lubricated with fluor~ocarbon grease. The material was

stored between runs by placing the flask in a dry ice bath. The acid

used for most of the runs was complete3.y colorless. In a few runs the

acid had a slight yellow color corresponding to decomposition into



139

( nitrogen dioxide, water and oxygn. The acid was analyzed by the method

outlined in Appendix 31. h4e various batches of acid, both freshly

prepared and after long periods of storage, consistently analyzed between

100.2 and 100.8% NO3. The nitrogen dioxide content of a badly colored

batch was found to be only 0.1% by the method described in Appendix III.

The hydrazine was prepared from Matheson Co. Anhydrous Hydrazine,

about 95% N2H4, by refluxing and vacuum fractionation from calcium or

barium oxide. An equal quantity of the hydrazine and the oxide were

added to the pot of an all glass vacuum distilling apparatus. The

material was refluxed in a nitrogen atmosphere for several hours at a

pressure of about 50 am. Hg. The bqdrasine was. then fractionated, the

first half being collected. The product of several such preparations

were analyzed by the method outlined in Appendix III. and found to be

between 97.7% and 99.0% N2H4.

Both materials were loaded into Reactor II using the automatic

pipet method described in a previous chapter. The amount of reactants

used for a run were such that a stroke length of the piston system of

seven-eighths inch was obtained. The resulting reactant volumes are

given in Table 24 for the various reactant ratios that were studied.

The corresponding weight and mole ratios are also given in the table.

The pressure generated by the reaction was found to be much higher

than that obtained in the reacti.ons of sodium-potassium alloy. Because

of this, some difficulty was experienced in preventing leakage of the

product gases through the piston gaskets. Difficulty also resulted from

the fact that the solutions tended to back up through the gaskets during

injection. This resulted in poor reproducibility of the pressure traces.

At first, both gaskets on the pistons were made of neoprene and
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( Table 24. mounts of 1'asine and Nitric Acid
Xnpldyed in a Run in Reactor II

Nominal Volme Volume Weight ratio:*. Mole ratio:

reactant HN03, 122H4 nitric acid to nitric acidratio in cc. in cc* hydrazine to bydr-zine

4 : 1 2.84- 0.74 5.65 2.87
2 : 1 1.-59 0.74 3.17 1.61
1.5 : 1 1.1 0.74 2.20 1.12
1 : 1 1.11 1.U 1.48 0.75

1 : 1.5- 0.74 1.11 1.00 0.51
1 : 2 0.74 1.59 0.69 0.352

impregnated with an.inert grease. Both bydraine and nitric acid

attacked the lower gasket resulting in severe leakage. A lower gasket

made of Teflon was then tried. Teflon, however, has no elasticity and(
would not assume the shape of the cylinder so that although no corrosion

was apparent, the single neoprene gasket did.not. contain the pressureIadequately. The lower Teflon gasket was replaced-by one made of

aluxnum., The aluuinm .did not score the stainlesa steel cylinder wall

nor did it lose its shape readi3y. Again,. however, the single neoprene

gasket was insmfcient to contain the pressure. The leakage problem

was finally solved when another neoprene gasket was added to the pistons.

The final arrangement consisted of one aluminum gasket located near the

leading edge of the pistons and two neoprene gaskets about one-eighth

inch apart located near the trailing edge of the piston. The space

between the neoprene gaskets was filled with the inert grease. The

pistons are shown in Fig. 5. Samples of aluminum, fluorocarbon grease,

and stainless steel of the type used in the apparatus were stored under

a sample of anhydrous nitric acid for several days. No corrosion or
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{ (reaction was apparent on visual inspection.

A number of runs were made during the developent of the final

apparatus. The result of these runs will not be reported, however,

since sufficient runs were made of the reaction with the apparatus in

its final form.

The reaction of nitric acid and 1'drauine can be represented by

Eq. 21 for the stoichiometric mixture if it is assumed that complete

thermodynamic equilibrium is reached at the temperature of the flame.

(21) + 5N 2H4 * 7N 2 + 12 2

The mole ratio corresponding to the stoichiometric mixture is then

0.80 moles nitric acid per mole hydrasine. This ratio falls in be-

, tween the one to one volume ratio and the one and one-half to one

ratio obtainable with Reactor II.

A typical pressure trace is shown in Fig. 37. The run was made

with the one and one-half to one reactant ratio with nitric acid in

excess. The pressure vs. time plot for the run is shown in Fig. 38.

The pressure vs. time curves for all of the six reactant ratios showed

a single pressure maximum. The time of the rise of the pressure to

the maxim= corresponded roughly to the time of completion of injection.

The results of the pressure measurements for the reaction of one and

one-half volumes of nitric acid with one volume of hydrasine are shown

in Table 25. The average value of the several determinations is also

shown in Table 25. The average values for all of the reactant ratios

are given in Table 26,
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Fig. 37. Transient Pressure Trace of the Reaction~ of
One aixd One-half Volumes of Nitric Acid with
One Volume of IH'drazinev Ran 1146, Reactor II,
Time Base: 100 msec.
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Table 25. Results of Pressure Measurements for the
Reaction of One and One-half VoluIm of
Nitric Acid with One Volume of Nydrasine

Maxixun Time from the start Presure, 20 msec. vinal
pressure of the pressure after the start of pressure,

Ran rise, Ji rise to the the pressure rise, in atm.
atm. maxim=m, in msec. in atm.

141 32.8 4.30 20.7 -
1h2 31.0 4.00 19.0 1.84
146 32.0 4.00 19.6 1.79
147 30.9 3.90 19.0 1.79

Ave. 31.7 4.05 19.6 1.80

pLight Emission Measurements of the M drasine, Nitric Acid Reaction

A nmWr of simultaneous measurements of the transient pressure

and the light emission were made for each of the six. reactant ratios

* studied. Photocircuit II was used for all of the photoelectric

measurements. The traces from a simultaneous pressure and light

emission measurement are shown in Fig. 39. The results of the traces

are plotted in Fig. 40. The rum represented by the figure was the

reaction between two volumes of hydrasine and one volume of nitric acid.

The data indicated that the beginning of light emission preceded the

start of the pressure rise by about 0.8 mec. The carrier wave fre-

quency for the trace was 1080 cycles so that the relative timing between

the traces has an accuracy of only about 0.5 msec. For the six reactant

ratios studied, the light emission preceded the start of the pressure

rise by 0.2 to 1.6 msec. Two runs made of the reaction of two volumes

of nitric acid with one volume of hydrazine indicated that the pressure
rise began 0.1 and 0.8 msac. before light emission began. No
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Hydrazine with One Volume of Nitric Acid,
j Run 152, Reactor II, Time Base: 100 msec.
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significance could be attached to this observation because of the

estimated experimental error of 0.5 sec.

The amplitude of the photoelectric traces was not reproducible

for the reasons discussed previously. The relative intensity of the

light emission, however, increased as the ratio of bydrazine to nitric

acid was increased. The light intensity produced by reactions in

e3cess nitric acid was very low. Only a dull red flash was noted by

visual observation. The emission persisted in some cases beyond 20

msec. for the acid rich rns. Plots of light intensity vs. time are shown

in Fig. 41 for the reaction of one and one-half volumes of nitric acid

with one volume of hydrasine (ran 146) and for the reaction of equal

volumes of the two (run 107). The light emiited by the one and one-half

to one mixture persisted for only a few wsec. The light emitted by the

(. reaction in excess hydrauine persisted for a much longer time. The light

emission from the three hydzrzine excess reactant ratios all had a time

distribution similar to that shown in Fig. 41 for the equal volume case

(run 107). The light emission persisted for the bydrasine rich reac-

tions up to 20 macc. in soLe cases.

Injection Rate Measurements of the Wdrazine. Nitric Acid Reaction

A number of simultaneous measurements of the transient pressure

and the injection rate were made for each of the six reactant ratios

studied. Photocircuit III was employed for these measurements. The

traces from a typical simultaneous measurement are shown in Fig. 42.

The results of the traces are plotted in Fig. 43. The plot represents

a ran made of the reaction of one and one-half volumes of nitric acid

( with one volme of hydrazine. It is apparent from the figure that the

pressure rise began 2.2 msec. after the beginning of injection. The
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Fig. 4~2. Simultaneous Pressure and Injection Rate
Traces of the Reaction of One and One-half
Volumes of Nitric Acid with One Volune of
Hydrazine, Run l142, Reactor II, Time Base:
25msec.
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( relative timing between a pressure trace and an injection rate trace

has already been estimated to be accurate to within 0.2 muec. The

plot of piston position vs. time shows a definite break in the slope.

This break was not observed in ar of the results obtained for the

injection of water. The slowing of the injection rate must have been

due to the kinetic reaction of the flame on the injection system. The

constancy of the injection velocity near the completion of injection

suggests that a stable flr* front is produced within the exit tube

before injection is complete,

The time between the beiming of injection and the point of

change of the injection rate was evaluated for all of the runs by

graphically estimating the point of intersection of the two linear

portions of the plot. The results are shown in the fourth column of

Table 27. The tim from a ' bginni g of injection to the beginning

of the pressure rise is reported in the fifth column of Table 27.

This time varied between 1.3 and 2.2 asec. This time must be the sam

of the time required for the first pressure pulse to travel from the

nixing chamber to the diaphragm of the strain gage and the ignition

delay referred to the pressure rise. An infinitesimal disturbance will

travel through a fluid at the velocity of sound. The disturbance pro-

duced by the evolution of gases from the reaction in question probably

is initiated as a shock wave and hence is propagated at a supersonic

velocity. The channel connecting the strain gage to the reactor,

however, has five 900 bends and various surface irregularities. A shock

wave could not be propagated through such a channel without suffering

numerous reflections and complex interactions with the walls of the

channel. It is thus likely that the average velocity of Vie initial
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disturbance is not much higher than the sonic velocity. The distance

the disturbance has to travel from the exit tube of the mixing plate

to the strain gage is about 1.5 feet. The velocity of sound in air at

room temperature in 1120 feet per second. The time required for the

pressure wave to travel this distance then could not exceed 1.3 Maoe.

The ignition delay referred to the beginning of the pressure rise

is equal to the time to the start of the pressure rise, shown in the

fifth column of the table, minus 1.3 usee. if it is assumed that the

pressure wave required 1.3 .soc. to reach the strain gage. The calcu-

lated ignition delay va3us are shown in the sixth column of the table.

Values between 0.0 and 0.9 sec. wore obtained. The data obtained for

the time between the beginning of light emision and the beginning of

the pressure rise is a direct measure of the transit time of the

initial presuo wave if it is assumed that the Light emission occurs

simultaneously with the pressure rise. Values between 0.2 and 1.6

mee, were reported in the previous section. The calculated value of

1.3 mec. is in qualitative agreement with the observed range of values.

The agreement also indicates that the pressure rise and the light

emission begin simltaneous]' wyithin the experimental error of the

measurements.

The rate of equilibration of the pressure in the interior of the

reactor with the pressure acting on the strain gage should increase

rapidly during the injection. The velocity of sound in a perfect gas

is directly proportional to the square root of the absolute temperature.

As the reactor atmosphere becomes heated due to the heat of the reac-

tion, the equilibration rate would increase. This would explain in

part why the pressure rise seens to accelerate slightly during the
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approach to the .pressure peak even though thi injection .rte has sloved.

The over-all injection time is copared to the time required for the

pressur to reach the peak value in the seventh and eighth colmns of

Table 27.. The data show that the pressure rise in completed in -a *am-

what shorter time than the injection time. This is also presumably due

to the increased rate of pressure equilibration.

The initial injection rate corresponding to the first linear port-

tion of the plot shown in Fig. 43 should be the rate that wouldbe

maintained if no reaction processes were involved. The initial and

final injection velocities were obtained by graphical measurement of

the slopes of the linear portions of the plots. The measured values

are given in the sixth and seventh columns of Table 28. The injection

rate is expressed as the time for the piston system to descend seven-

(* eighths inch. The data in Table 28 show that the injection rate is

decreased by a factor of. approximatey two because of the thrust created

by the reacticn pracees The.initial injection rate can be calculated

by the method used to calculate the rate of water injection. The

measured driving gas pressure given in the. fouth coln of Table 28

was first corrected for the pressure drop due to gas flow in the pneu-

matic injector using the result of the calculation reported in Appendix

3I1. The corrected driving gas pressure was then used in conjunction

with the calculations detailed in Appendix I in order to derive the

calculated injection rates shown in the fifth column of the table.

The calculated injection times are found to be much shorter than those

observed suggesting that the reaction inhibits the injection even in,

the early stages of injection.
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(I Analysis of the Products of the &drasine. Nitric Acid Reaction

Several methods were employed to derive information concerning the

products of the reaction of bydrazsine with nitric acid. The liquid

products from several runs were collected by rinsing the reactor with

distilled water. The resulting solution was ana3yzed for total acidity

and for hydrasine by the methods described in Appendix III. Some of

the liquid remained as droplets on various parts of the reactor and

was not collected. It is estimated, however, that 80% or more of the

liquid product of a run was collected by the method employed. There

was no more than a trace of hydrazine found for any of the reactant

ratios studied. The results of the analysis of total acidity are

given in Table 29. The acid content is expressed as the percentage of

the total nitric acid introduced into the reactor originally. The

( liquid products of several runs were allowed to evaporate to dryness.

No solid products were found for ary o the reactant ratios studied.

Table 29. Residual Acidity in the Liquid Products
of the Hydrasine, Nitric Acid Reaction

Average acid content
of liquid product,

Reactant Reactant in per cent of Nunber of
ratio in excess original HNO3  determinations

4I :1 l N1 25 1
2 : 1 MO 317 6
1.5:1 lMO3  12 4
1:1 - 0 3

. 1.5.,1 N2H4  0 3
2 1 N2H 3

• I Il Ie ' '"('
I'
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Sevezl r ns were made in which the gaseous products were collected

and sent to the Institute of Gas Technology for mass spectrometric

analysis. For these rims the reactor was flushed thoroughly with tank

helium before injection was begun. About two seconds after injection,

the contents of the reactor were expanded into the five liter bulb

system, which had previously been evacuated to a pressure of about 3

am. Hg. The large volume was then transferred to a high vacuum

apparatus. The velume containing the product gases was opened to the

vacuum apparatus and a sample taken. The pressure of the. sample was

measured on a mercury manometer. The sample was then equilibrated with

a liquid nitrogen bath by passing the gas back and forth through the

cooled trap by means of a Toepler pomp. The nom-condensable gas in the

* !small sample was then discarded. The condensed material was allowed to

warm to room temperature. The total pressure of the condensibles could

then be measured on the manometer. Since the two pressure measurements

referred to the same gas volume, it was possible to evaluate the per-

centage of condensibles in the product gases. The condensibles were

then discarded and another sample taken from the large bulb system.

This sample was equilibrated with a cold trap, The non-condensible

material was then expanded into a sample bulb and sent away for anal-

.ysis on the mass spectrometer. The remainder of the product gases was

then slowly papsed through a trap cooled by liquid nitrogen so that all

of the condensible products could be collected. An attempt was then

made to qualitatively identify the condensible materials.

The foregoing analytical procedure was carried out on the products

of the reaction of four different reactant ratios. These ratios were

(1) four volumes of nitric acid to one volume of hydrasine, (2) one and
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one-half volumes of nitric acid to one volume of hydrazine, (3) equal

volumes of the two, and (4) two volumes of bydrazine to one volume of

nitric acid. The first of these ratios is an example of an acid rich

mixture. 'The second and third are examples of near stoichiometric

mixtures.. The fourth is an example of a bydrazine rich mixture. A

discussion of the analysis of the products for each one of these

ratios, follows:

1. The reaction of four volumes of nitric acid with one volume of

hydrazine: The gaseous products were crudely separated from the liquid

products by the expansion of the gases into the large evacuated volume.

The liquid products were allowed to remain in the reactor. The gases

obtained by this manner unavoidably contained a small quantity of'water

vapor. The gases were then transferred to the vacum apparatus and

divided into coudensible .and non-condensible fractions. The gases

analy ed by the mass spectrmeterowere only those that were not con-

densed by .liquid nitrogen. Disregarding helium, the non-c ondenmible

gas was found to be nitrogen with cwn traces of bydrogen and oxygen.

The condensible fr.cticn of the prodmat gases had the characteristic

color of NO2. The condensibles were colorless at the temperature of

liquid nitrogen, however, indicating that no NO was present, since

solid NO has a blue color. Any NO formed by the reaction would have

been converted into NO by the oxygen found in the non-condensible
2

fraction. Any ammonia produced by the reaction would have remained in

the reactor as ammonium nitrate. The only gases that could likely have

been in the condensible fraction were then NO2 and N20, It was not

possible to separate any N20 from the N02 by distillation. The sample

had a pressure of 257 mm. Hg when collected in a O00 trap. The vapor

i ...
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pressure of the equilibrium mixture of N02 and N204 at 000 is 53 ma.

H9038 h N20 would have been entirely in the gaeous phase at this

teperture so that a very rough estimate would place the total prep-

sure of the N20 at about 200 ni. fg. The volume of the trap system

on the high vacuum apparatus was not much greater than about 400 cc..,

iLe., it had approximate]y the same volme as the reactor, so that the

total contribution of the 20 to the final pressure of the reaction

products in the reactor was probably not more than about 0.3 atm.

The total final pressur for the four to one runs was shown to be

2.66 atm. in Table 26. The final result of the analysis of the reac-

tion products is summarised in Table 30 for the four to one reactant

ratio. About 10% of the original reactant moles were unaccounted for

in a material balance band upon the results shown in Table 30.

Table 30. Products of the Reaction of Four Volumes of
Nitric Acid with One Volume of Hrdrasine

Partial pssuv e Calculated
Component in reactor, in atm. millimoles Footnote

12 1.17 16.1 a
02 o.0o 0.7 a

0.01 0.1 a

N0 0.3 4 b
NS 0.3 14 bc
N204 '0.8 11 b,o

io- 17 d
- 614 e

a.Calculated frow mass spectrmeter analysis.
b Condenible fraction.
c Based upon equilibrium constant P22/PN20 .136 at. at 25°0.

d Calculated from the analysis of liquid products.
B By difference, based upon a hydrogen balance.
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2, 2 The reaction of one and one-half volumes of nitric acid with

one volume of bi'drazine: The nonucondensible games wre found to

ocotain nitrogen and a emal quntity of hdrogeno -The condenuible

games were found to comprise only 18% of the total. reactor pressure

excluding the original atmosphere of helium. Th condensible gas had

a slight yellow olor indicating the presence of 02* cdonsible

material had patches of blue color at the temperature of liquid nitro-

Cen indicating the presence of NO. The condenuible material had- a vapor

pressure of 13 ma. 3g at -780C. 102 has a vapor pressure of loss than

1-ma. Ig. at this temrature,3 9 The pressure muat have been due to 10

and possibly N20. since they are entirely gaseous at this temperature.

The composition of the non-condensible fraction was not deterined

. farther. The fina3 reult of t;he analyss8 is given in Table 31 for

Table 31. Products of the Reaction of One and One-half Volu e
of NitrieAcid .with One Vol=* of Hydrasine

Partial pressure Calculated
Component in reactor, in atm. mil34ales Footnote

1.46 20.1 a
0.05 0.7 a

W as NO N-33 1.5 b

i lO -3.1 0
. 2  -50.2 d

a Calculated frot mass speotroeter analysis.
b Conmensiblo fractio .
c Calculated fra analysis of liquid products.

( d By difference, based upon a hydrogen balance.
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( Again, about 10% of the original reactant moles vere unaccounted for

in the material balance based upon the results shown in Table 31.

3. The reaction of equal volumes of nitric acid and bydrauine:

The product gases appeared colorless indicating that very little if

arq 102 was formed in the reaction. On3l 14% of the gases excluding

the helium, were condansible in liquid nitrogen. The mass spectromter

sample was passed through a dry ice trap so that some. of the materials

that were condensible in liquid nitrogen would be included in the mass

speotrometric analsis. The mass spectrometer analysis showed nitrogen

and I drogen with traces of nitrous oxide and nitric oxide. fhen the

entire condensible sample was collected, a slight yellow color developed

indicating a very slight trace of 102& The blue color of the frosen

material shoved that NO was present. A sumary of the composition of

the products for the reaction of equal volumes of the two reactants is

given in Table 32. Only about 3% of the original react4ant moles were

Table 32. Products of the Reaction of Equal Volumes of
Nitric Acid and Iydrasine

Partial pressure Calculated
Component in reactor, in atm. m Illi'oles Footnote

N 2.82 38.8 a
o.44 6.0 a

1O 0.06 0.8 a
0.03 0.4 a

H20 - 69.1 b

a Calculated from mass spectrometer analysis.
b By difference, based upon a hydrogen balance.

unaccounted for in the material balance based upon the results shown

in Table 32.
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(4. The reaction of two 'volumes of bydrazine with one volm of

nitric acidt The gases were completely colorless indicating the

absence of N02 . The gases were passed through a trap cooled by carbon

tetraohloride s1sh (-23C) before entering the mass spectrometer

sample tube. It was hoped that oaly water vapor would be trapped out

of the sample so that all of the gases could be identified by the mass

spectrometer analysis. The analysis showed the presence of nitrogen,

bydrogen, amonia and traces of nitrous oxide and nitric oxide. The

presence of amonia in the gases indicated that amonia should also

be present in the liquid products. A crude calculation was made of

the ammonia concentration in the aqueous phase based upon the measured

concentration in the gaseous phase, the total final pressure of the

* run, and the absorption coefficient of a nia. The results of the

analysis for the two to one case are given in Table 33.

Tablz 33. Products of the Reaction of Two Volumes of
yd-razine with One Volume of Xitric Acid

Partial pressure Calculated
Component in reactor, in atm. Millimoles Footnote

3.17 43.5 a2.32 31.9 a

0.36 4.9 a
NO o.o5 0.7 a

NO 0.01 0.1 a
S- 45.0 b

UI3,(aq) 9 a

a Calculated from mass spectromter analysis
b By difference, based upon an oxygen balance.
C Calculated from the absorption coefficient,

oc- 710 atm. "
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Only about 4% of the original reactant moles were unacoounted for In

the material balance based upon the results shown in Table 33.

The results of the ana2Sies for the reaction products were naces-

sarily approximate uhen soluble gases such as N02 or =H3 were involved.

Error could have resulted from the unoertainty concerning the amount

of material that was removed from the aqueous phase uhen the products

more mudden3 expanded into the large evacuated volume. rror in the

ana. sis of the liquid products could have resulted from emporation C

the dissolved games before the products wre diluted with water. The

ana3 ,ais of the residual nitric acid and the analysis of the nitrogen

dioid content of the ganous phase were complicated by the reversib).

reaction represented by Eq. 22:

(22) 2 EN0 3  2 N02  + 0.5 02 + B20

Because of this equilibrium, the nitric acid found after a run was not

necessarily unreacted material. It could have been reformsd from

nitrogen dioxide, water and o3gen. In the presence of a slight excess

of water., the equilibrium is to the left of Eq. 22 at room tmprature.

This could account for the absence of oxgen in the acid rich runs.

It was uncertain how much of the reactants remained in the lead

tubes and jets of the mixing plate. The volume of the lead tubes and

jets was from 6 to 11% of the total volum of the reactant cylinders

depending upon the reaotant ratio under consideration. Some unreacted

material was always found to remain in this volume after a run. It

was assumed for the purposes of the material balances that the lead

tubes and jets were filled with nreacted material.
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( ~~Studie. of the nILIne. Nitric Acid Reaction lza.~ieprdc

Anilin was prified by distillation from zinc dust. The product

was colorleus and distilled at 18200 under a pressure of 750 m. Hg.

The refractive index of the product was measured and found to be 1.5791

at 32.° C. The reaction of aniline with nitric acid can be represented

by Eq. 23 for the stoichiometric mixture if it is assumed that the

reaction reaches thermodynamic equilibrium:

(23) C611VH2 + 6.2 N03 ---> 6.6 H20 + 3.6 N2 + 6 c02

One run was made of the reaction of equal volumes of aniline and nitric

acid. This corresponded to a molar ratio of 2.14 moles of acid to one

mole of aniline. Only the transient pressure was measured. The pres-

sure rise began about 2 msec. after injection began. The pressure

gradual3y rose to about 1.5 atm. over a period of 40 sec. Large

quantities of carbm and tar were found in the reactor after the run.

Two runs were made of the reaction of four volumes of acid with

one volume of aniline. This corresponded to a molar ratio of 8.18

moles of acid to one mole of aniline. A simultaneous measurement of

the transient pressure and the onset of light emission was made. The

onset of light emission was determined using Photocircuit III. The

traces are shown in Fig. )4. The transient pressure trace is .shown

at the top of the figure and the light intensity trace at the bottom

of the figure, The point at which the light emission began could be

locat~d to within about 0.2 msec. with respect to the pressure trace.

No information is provided by the measurement concerning the time at

which injection began. The time from the beginning of the trace (the

closing of the contacts in the pneumatic injector) to the beginning
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Fig. 4h. Simultaneous Pressure and Light Emnission
Traces of the Reaction of Aniline with Nitric
Acid., Run 157, Reactor II,, Time Base: 25 msec.
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i ( of injeotion, however, was found to be between 1.0 and 1.5 wee. for

the injection rate measurements made with other systems in *Uch this

time interval could be deduced. The result of the run is shown in

Fig. 45. Time is plotted from the beginning of injection assuming that

1.2 mec. elapsed frm the start of the trace to the beginning of

injectiono The moment of light emission came 2.3 mece. after injection

began. The pressure rise began about 1.5 meec. later. The ignition

delaey was tbus 2.3 meec. The further delay in the pressure rise was

probably on: apparent, being due to the time required for the pressure

pulse to travel to the strain gage diaphragm. The maxizam pressure was

42 atm. in comparison to the pressure of 1.5 atm. obtained for the one

to one ratio.

Another run of the four to one ratio was made in which it was

attempted to measure the injection rate. The start of injection could

be clearly discerned but the remainder of the trace could not be

interpreted. The beginnin of the pressure rise occurred only 2.5

msec. after the beginning of injection. Allowing 1.3 me¢. for the

pressure pulse to reach the strain gage, the ignition delay was 1.2

me. Damage was noted to the mixing plate after both of the four to

one runs. The exit tube was widened at the outlet and had the form

of a bell. The closed end of the exit tube was also bent and widened.

For this reason no further studies of the aniline, nitric acid reac-

tion were carried out. A new mixing plate was constructed to replace

the damaged one.

The results of the aniline, nitric acid reaction are shown in

Table 34. Large amounts of NO2 but no carbon deposits were noted in

the producte resulting from the reactions reported in Table 34.
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Table 34. Ignition Delay in the Reaction of Four Volumes
of Nitric Acid with One Volume of Aniline

Ignition delay4 Maxi miu pressure, Final pressure
Run in mseo. in atm. in atm.

157 2.3 42 4.31
158 1.2 35 3.24

It is likely that the damage to the apparatus resulted from the fact

that the delayed ignition occurred while injection was still in pro-

gress. The flame may have flashed back along the issuing reactant

stream toward the exit tube possibly reaching a detonation velocity.

This could also account for the irregularities noted in the injection

rate trace, since it is entirely possible that injection was inter-

rupted or even reversed for an instant when the force of the ignition

first reached the exit tube of the mixing plate.

Studies of Hydrogen Peroxide. Iqdrauine Reaction

High strength hydrogen 1s, , ide was analyzed by the method out-

lined in Appendix TTI and found to contain 84.5% H202 by weight. The

reaction can be represented by Eq. 24 for the stoichiometric mixture

if it is assumed that the reaction reaches thermodynamic equilibrium:

(24) 124 + 2 Ho2 --.- + 14112o

Runs were made of the reaction of equal volumes of the two reactants.

This corresponded to a molar ratio of l15 moles of hydrogen peroxide

per mole of 1 drazine. Runs were also made of the reaction of two

volume of hydrogen peroxide to one volume of bhydrazine. This
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corresponded to a molar ratio of 2.46 moles hydrogen peroxide per

mole of bydraux1ne,

The reaction of equal volmes of hydrogen peroxide end h yVdmine

showed a variOble ignition delay. The data are summarized in Table 35.

Table 35. Ignition Delay euasurements of the Reaction of
Equal Volumes of Hydrogen Peroxide and Hydrauine

Time from the start Ignition delay
of injection to the referred to the Maxiuam Final

Run start of the pressure preaoure rise, pressure, pressure,
rise, in msec. in sec. in atm. in atm.

161- - 27 1.9
163 1.4 0.1 42 1.8
165 2.4 1.1 55 3.0
162 3.5 2.2 58 -

*Si=lta=eouB masurement of the pressure rise and the onset of

light eission, light emission preceded- the pressure rise by 1.0 mc.

The second colmn of the table shows the observed time from the beginning

of injection to the beginning of the pressure rise. The data were

obtained from simultaneous injection rate and transient pressure

measurements. It was assumed that the initial pressure pulse required

1.3 mae. to reach the diaphragm of the strain gage, The ignition

delay was then equal to the time given in the second column of the

table minus 1.3 msee. In the first three rns reported in the table,

the ignition probably occurred while injection was still in progress.

The result of the simultaneous measurement of the injection rate and

the transient pressure for rum 163 is shown in Fig. 46. The slope of

the plot of piston position vs. time shows a sharp break indicating

further that ignition did occur during the injection. The result of
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ran 162 is shown in Fig. 47. The linear character of the injection

indicated that ignition did not occur until injection was complete.

The injection time for run 162 was 1.80 msec, and the driving pressure

was 1600 lb. per sq. in. which is in agreement with the results

obtained for the injection of water reported in Table 17.

The reaction of two volumes of bydrogen peroxide with one volme

of I'ra ine showed a more consistent ignition delay. The data are

summarized in Table 36.

Table 36. Ignition Delay Measurements of the Reaction of
Two Volmes of I xrogen Peroxide with One
Volume of Urdrasine

Time fran the start Ignition delay
of injection to the referred to the Maximum Final

Run start of the pressure pressure rise, pressure, pressure,rise, in met. in sec. in atm. in atm.

166 2.6 1.3 32 1.7.
167 3.0 1.7 41 1.8- - 36 1.9

Simutaneous measurement of the pressure rise and the onset of light

emission, light omission preceded the pressure rise by 0.7 msec.

The second column of the table shows the observed time from the begin-

ning of injection to the beginning of the pressure rise. The ignition

delay was again calculated on the assmption that the initial pressure

pulse required 1.3 msec. to travel to the diaphragm of the strain gage.

The ignition delay was found to be between 1.3 and 1.7 wsec. The

injection rate traces indicated that the ignition did occur during

the injection.
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StudIss of the Reaction Between Nitric Acid and aiqudAmmonia. t ia~n
I MT~iea

The pu-Iftimo.~ nitric acid and hydrazine have already been

described. The amonia was taken from a tank of Peannylvania Salt Co.

Mhydrous Amonia. The preparation of the liquid ammonia, bydrasine

mixtures was as follows: About mne gram of anI~dxoua. hydrazine van added

to a smll Erleniwyor flank which hMd. previously been weighed. The flank

was then reweighed to obtain the weight of bydrasine. The flask was

quickly attached to a high vacuum apparatusn by mans of a ground glass

joint* The hydrasine was frozen in the flask by -means of a liquid,

nitrogen bath. The system was then evacuated. Tank ammonia was

admitted at roan temperature to a calibrated volume. of 3.60 liters which

was connected to a manometer.. The amount of ammonia. gas ..present in the

calibrated volume was then calculated.by means of the perfect gas law.

The ammonia was allowed, to condense in the flask with the bydrasine

until the pressure in the large volume decreased. to. a sufficiently low

value, A new charge of a~ceia was then added to the large volume,

The procedure van repeated until the desired amoont of monia had been

added to the hydrasine. The flask was removed from the vacuu apparatus,

covered and stored at the temperatuire of dry ice.

The reactor had to be cooled before the mixture could be loaded

into the reactant cylinders. The reactor was partially assembled and

cooled to about -6000 by immersing it in an insulated, two liter

beoker that contained a mixture of trichloroetbylene and powdered dry

ice. The liquid amonia, hydrasine mixturk was then transferred from

the storage flask to the cylinder by means of an automatic pipet which

had been cooled by immersion in liquid nitrogen. The piton was

inserted into the cylinder only after it had also been cooled by
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immersion in liquid nitrogen. After the nitric acid had been loaded

into the other cylinder, the reactor had to be removed from the cold

bath for a short time while the assembly was completed. The tempera-

ture of the reactor rose to only about -45C during this period. The

assembled reactor was then placed in the low temperature thermostatic

bath and brought to the desired temperature before injection was

initiated.

The runs had to be made over a rather limited temperature range.

The lower limit to the temperature range was -420C, the freezing

point of anbydrous nitric acid.hO The upper limit was -33 0 C, the boil-

ing point of liquid ammonia. 3 8 All of the runs were made of equal

volumes of the two reactants.

A run was made of the reaction of pure liquid ammonia with4 (nitric acid. The thermocouple indicated a temperature of -47 00. At

this temperature, the nitric acid should have been frozen; however,

the injection appeared to have proceeded normally. Only the transient

pressure was measured. The pressure showed a slight maximum of about

one atmosphere, The product of the reaction was a non-volatile white

solid, presumably ammonium nitrate. It thus appeared that there had

been no ignition.

Two runs were made of the reaction of equal volumes of nitric

acid with a mixture containing 9.0% bydrazine. Both runs were simul-

taneous measurements of the transient pressure and the onset of light

emission using Photocircuit III. The result of one of the runs is

shown in Fig. 48. Since it is not possible to determine when injection

began from the traces of a simultaneous light emission and transient

pressure measurement., it was again assumed that 1.2 msec., elapsed
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( between the beginnimg of the time base and the start of injection.

Injection rate measurements could not be made when the reactor was

located in the thermostatic bath. The data for the reaction of nitric

acid with the mixture contaning 9.0% hydrauine are summarized in Table

37. The second column of the table shows the temperature indicated by

the thermocouple located close to the reactants before injection.

Table 37, Ignition Delay Measurments of the Reaction of Equal
Volumes of Nitric Acid with a Mixture of 97draine
and Liquid Amonia Containing 9.0% Wdrazine

Ignition delay referred maximum
Run Temperature, to light emission, pressure,

in 0C in msec. in atm.

174 -35 1.0 41
175 -33 114 41

Three runs were made of the reaction of equal volumes of nitric

acid and a mixture containing 2.7% bydrazine. The runs were simul-

taneous measurements of the transient pressure and the onset of light

emission. The results are summarized in Table 38. Again it had to

be assumed that injection began 1.2 msec. after the closing of the

contacts in the pneumatic injector. The result of two of the runs are

shown in Fig. 49. There was no light emission in runs 177 and 178.

The absence of light and the very low maximum pressure indicated that

no ignition occurred. It is apparent from the figure that the transient

pressure for runs 176 and 177 began to follow the same course. In run

176, however, the mixture ignited giving rise to the emission of light

2.9 msec. after injection. About me msec. later the pressure began
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( to rise rapidly. It is again reasonable to suppose 'that the light

emiuuion and, the rapid pressure rise occurred simiiltaneously, the delay

-in the latter being only apparent.

Table 38. Ignition Delay Measurements of the Reaction of Ecjual
Volumae of Nitric Acid with a Mixture of Hydrazine
and Liquid. Ammonia Containing 2.7% Hjdrazine

Ignition delay referred Maximum
Hun Temperature, to light emission,, pressure,

in OC in mwee. in atm.

176 -38 2.9 31
177 -4~1 -*3.5

178 -41 - 3.5

*No ignition occurred.



CHAPTER VI
(1 DISCUSSION

The apparatus described herein was designed to contact and mix

useful quantities of two liquids in the shortest possible time. Reactor

I was designed by McKinney for the purpose of studying the kinetics of

rapid reactions in which a gas is formed. Reactor I contacts approx-

imately one cc. of one reactant with a large excess of a second

reactant. Reactor II was designed specifically for the purpose of

studying the ignition of self-igniting fuel-oxidant systems. Reactor

II contacts more nearly equal quantities of reactant solutions.

In Reactor I, the liquid reactants are forced together by the

action of high pressure nitrogen gas on floating pistons. The two

pistons were not mechanically coupled so that there was no way to

insure that the pistons would descend together. McKinney reported that

the large piston descended in 9 msec. and the small one in 5 msec.

Injection measurements were made during the present research in which

it was shown that the small piston completed its descent 3°5 msec. after

the large piston in a particular experiment. The only reaction studied

in Reactor I was the reaction of sodium-potassium alloy with excess

water. The delay in descent of the small piston was shown to cause a

large maximum to occur in the transient pressure sometime during the

first 10 mesc. of the reaction. Extreme care was required in the

preparation of the piston gaskets in order to avoid a late start of

the small piston. The absence of a large first maximum in some of the

rms reported in Table 20 was taken au evidence for the fact that

uniform piston descent had been achieved.

Reactor II was designed to avoid the difficulty due to the uneven

descent of the two pistons. In Reactor II, both pistons are driven by

180
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a single large piaton which in turn is driven, by high pr rez nitrogen

gas. This arrangement was responsible for the improved injection time

obtained with Reactor II. The driving gas pressure is applied to an

area of about 0.78 sq. in. The sum of the areas of tho smller pistons

for the one to one injection system is only 0.15 sq. in. If an aotual

driving gas pressure of 2000 lb. per sq. in. were employed, the effec.

tive pressure on the reactant solutions would have been 10,000 lb. per

sq. in,

Reactor II is sufficiently compact to be conveniently immersed in

a thermosUtic bath. Four reactant ratios were obtainable through the

use of a second cylinder block, additional fittings and piitons.

Several additional mixing plates were designed that allowed the mixing

pattern to be varied. Only the "T" type mixing plate that was designed

according to the principles established by Roughton and Chance was

used, however, since it was only for this arrangement that the

efficiency of mixing could be shown to be adequate.

The piston gaskets of Reactor II did not have to withstand the

pressure of the driving gas. There was therefore no mechanism whereby

spuriously high values of the transient or final pressure could have

been obtained. Difficulty was encountered, however, in preventing

leakage of the product gases f-om within the reactor. This difficulty

was aggravated by the effect of the corrosive reactants on the neo-

prene piston gaskets. The difficulty was overcome when a rather close

fitting aluminum gasket was used in combination with two neoprene

gaskets. The alminum prevented the bulk of the reactant solution

from contacting the neoprene gaskets. The neoprene was further pro-

teoted by a coating of an inert fluorocarbon grease. The neoprene
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gaskets rendered, the reactor pressure tight, Transient pressures up

to 0 atm. and steady presures up to 5 atm- were contained within the

reactor without leakage. This is-evidenced by the reproducibility of

the pressure data shown in Table 25 for the bydraline, nitric acid

Reactor II was designed to allow'the routine measurement of the

rate of injection. The method employed yielded .the relative time

corresponding-to, anumber of positions of the piBton system with respect

-to a stationa7 light bets. Studies were made of the injection of

water fru both cylinders of the reactor. It was found that the linear

velocity of the piston descent and hence the injection rate were con-

stant during the period of injection. Thi.s indicated that the soving

parts of the reactor accelerated rapidy to the equilibrium velocity

and suggested that the velocity of injection was determined entirely

by the resistance to the flow of the fluids. Runs made with very tight

fitting gaskets showed essentially the same injection rate as those

made with loose fitting ones. It was thus feasible to use very tight

fitting gaskets and thereby reduce the tendeno toward leakage. In

Reactor I, it was not feasible to use tight gaskets since this would

have increased the tendency for the smll piston to delay.

The observed injection time depended upon (1) the pressure of the

driving gas applied to the pnsumatic injector, (2) the reactant ratio

employed, (3) the dimensions of the jet* and the exit tube of the -423

plate, and (4) the stroke length eployed. A stroke of seven-eighths

inch was found to be most convenient and was used for most of the runs.

The most rapid injection time obtained with Reactor II was 1.7 uec.

for the injection of water. This run was obtained with a driving



183

( pressure of 1900 lb. per sq. in. using the one to one reactant ratio.

In all., 2,2 cc. of water were injected during this run, 1.1 cc. from

each cylinder. An injection time of'the order of 4.3 Msec. was observed

for the four to one reactant rat&oj however, 3.6 cc. of water in all

were injected during these runs.

The injection rate was not constant for the injection of certain

fuel-oxidant mixtures. The first part of the reactants were injected

at a somewhat slower rate than that noted for the injection of water*.

The injection rate then decreased to about one-half to one-third of

its ini.ial value. The deceleration of the injection was quite sharp,,

i.e., both the initial and final injection rates were reasonably con-

stant. The change in the injection rate was thought due to the thrust

created by the reaction acting on the injection system. The phenomenon

was stuidied particularly with reference to the bydrasine, nitric acid

reaction. The reactants were liquids while .the products of the reac-

tion'were primarily gaseous. The conversion of liquids into gases in

a flwing stream corresponds to a tremendous increase of the linear

flow velocity. A change of linear flow velocity in a stream of con-

stant mass flow rate corresponds to a change of momentum which is

accompanied by a force acting in opposition to the momentum change.

The force created by the reaction would be equivalent in effect to a

large static pressure applied to the outlet of -the exit tube. In

order to slow the injection rate perceptibly, this back pressure would

hawe to be of the same order of ,magnilude as the driving pressure.

The time from the beginning of injection to the change of the

injection rate could not be correlated with the measured ignition

delay. The ignition delay-for all ratios of the hydrauine, nitric
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. acid reaction ins found to be between 0,0 and 0.,9 mac referred to

the starb.of the pressure rise. The time to the change of the .injectiri

rate as shown ,in Table 27 was found to range between 1.1 and 3.2 xsec,

It is like y that the reaction required this additional time after

ignition to reach a steady state-.in the exit tube. Because of this

slowing of the injection rate, the overall injection tim mwsubstan-

tia longer than the values obtained for the water injection, Values

from 4.3 msec. for the one to one reactant ratio to 9.2 usec. for the

four to one reactant ratio were obtained.

The rate of injection of water was calculated by a fluid mechanical

method and shown to 'agree to within 18% with the observed results. The

rate of injection of the nitric acid, bydrazine system was also calcu-1lated. The observed initial injection rate was found to be 25 to 100%
slower than those calculated. It was believed, however, that the early

reaction of the two reactants may have slowed the initial injection

somewhat. The calculations indicated that a pressure_ d-p occurring in

the pneumatic injector seriously affected the injection rate. The

pressure acting on the driving piston may have been as low as 60% of thm

pressvre actually applied to the pneumatic injector. This situation

could have been corrected by designing an injector with a connecting

duct and valve mechanism haring larger inside diaeters. The calcula-

tions and the observed results provide the designer of a future rapid

injection system with important design information. The results also

indicate that injection rates substantially faster than those reported

in the present study could be obtained. The two most significant

design factors in this connection are the ratio of the area of the

driving piston to the areas of the small pistons and the diameters
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of the ducts through which the driving gas passes. The areas of the

smaller pistons, however, must be great enough to bear the large con-

pressive stress applied to them by the driving piston.

The empirical equation developed by Chance for the expected flow

rates through "T" type mixers was found to agree well with those

obtained with Reactor II. The equation, however, does'not take into

consideration a number of important factors so that the agreement was

probably fortmitous.

The time required to contact two reactants is not necessarily

equal to the time necessary to mix the reactants. The mixing pattern

employed In both reactors had the form of a "T". The reactants each

enter one leg of the "T"j the two pass out of the mixer together

through Uhe third leg, referred to as the exit tube. Mixing begins to

I. ( occur at the point of contact of the two reactants in the center of the

"T". As the solution flows down the exit tube, it boomes more and more

thorough3y mimd. Roughton and Millikan* have shown that the point at

which solutionb reach the point ot 97% mixing in similar "TO. type mimsm

moved toward the point of first contact as the flow velocity was in-

creased. The work of Trows* has been cited to show that the distance

from the point of first contact to the point of 97% mixing was about

6 m. for a mixer that was geometrically similar to the mixing system

used in Reactor II, The linear flow velocity referred to the exit

tube for the measurements made by Trowse were less than 1000 cm. per

see. The linear flow velocity referred to the exit tube for the reac-

tions studied in Reactor II was of the. order of 10,000 cm. per ino.

,*Sie Table4
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( Since the exit tube of Reactor II was 8 m..long, it was likely that 97%

mixin was achieved before the reactant mixture left the exit tube of

the reactor. To further insure the efficiency of mixing in Reactor i,

the reacting stream was made to Impinge on a baffle plate located about

25 am. frcm the outlet of the exit tube.

The measurements made by Roughton and Millikan and those made by

Trowee employed aqueous solutions. It is likely that mixtures such as

sodium-potassium alloy and water, or bydrauine and nitric acid would

not mix as readily as aqueous solutions. A direct test of the

efficiency of mixing of such liquids, however, could rnot be devised in

the present research. The best sxperimental evidence for the mixing

obtained with both reactors lies in the results of the studies that

were made of the reaction of sodiun-potassium alloy with water. The

pressure rise noted for this reaction reached a maximum in a time

equal to that required for injection within the expezlmental error of

the measurements,

The principal means of following the reactions under study in the

reactors was the measurement of the transient pressure. The Statha

Gages employed for the transient pressure measurements were stated to

have a natural frequency of vibration in excess of 2000 cycles per

second. The signal from the strain gages was caused to modulate the

amplitude of a 1000 to 1200 cycle per second carrier wave. In effect

then, a reading of the transient pressure was obtained approximately

every maec. by measuring the amplitude of each wave of the resulting

oscilloscope pattern. The amplitude of the oscilloscope trace was

found to be accurately proportional to the pressure applied to the

diaphragm of the strain gage by calibration with accurately known
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static prestmvres. More frequent pressure readings could have been

obtained by using a higher carrier wave frequency. In view of the

stated natural vibration frequency of the gages, however, it is

questionable whether the gages could have reproduced accurately pres-

sure events occurring in a period of less than a msec. For the

measurement of more rapid pressure variations, gages involving pieso-

electric crystals are indicated. The circuitry associated with such

gages is far more complex than that employed in the present study.

Such gages generally do not have a linear response.

The response of a rapid pressure measuring system depends not

only upon the gage employed, but also upon the geometry of the cavity

in which the pressure change is produced and the comection leading to

the gage. It was desired to record the pressure changes occurring in

the interior of the reactors. The most direct procedure would have

been to place the diaphragm of the strain gage as close as possible to

the interior of the reactor. If this had been done9 it was likely that

liquid pellets would have struck the diaphragm during injection and

given rise to random disturbances in the pressure record. Noise was

observed in the pressure record even when the gage was located sme

distance from the reactor. The noise could not be attributed to arq

mechanical or electrical defect in the apparatus. It was found that

the noise could be eliminated by placing obstructions in the piping

leading to the strain gapge. This observation indicated that the noise

noted in the oscilloscope traces corresponded to actual variations of

the pressure in the. reactor. Similar disturbances of audio friquency

were noted by Lewis a4 von Elbe4 during a study of explosions of

hydrogen and oqWgen. They observed the disturbances only for certain
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V of the explosive. mixtures nder study. They thus concluded that the

rapid pressure variations were a real manifestation of the reaction

and were not instrumental in origin*

It was found that much of the noise resulting from reaction in

Reactor II could be eliminated by connecting five 900 pipe elbows

between the reactor and the strain gage without seriously affecting '

the response of the transient pressure recording system. It appeared

that the noise was a function of the injection and reaction processes

and of the cavity in which they occurred. In order to improve the

recording speed, it would seem to be necessary to analyze the structure

of the shock waves and relate them in some way to the extent of reaction.

This may set an upper limit to the speed with which chemical reactions

may be followed by measuring their pressure.

( A second means of studying the reactions carried out in the reac-

tors was the measurement of the intensity of the light emitted by the

reactions. Three different photoelectric circuits were used for this

purpose. The amplitude of the traces resulting from either Photo-

circuit I or Photocircuit II were a function of the light intensity.

The amplitude of traces from Photocircuit I was not proportional to

the light intensity. Photocircuit I was used only to show the presence

and time of occurrence of the light emitted during the study of the

sodium-potassium alloy reactions. The amplitude of the traces from

Photocircuit II was shown to be proportional to the' ight intensity

by a calibration procedure, The traces from Photocircuit III show

precisely when the light emission from a reaction begins. They give

no information regarding the intensity of the light or the time at

which the emission ceases.
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Several types of measurement. me carried out in ordr to derive

information regarding the reactions under study. The different types

of measuvmnts were as .follows, (1) Simltaneous measurement of the

tranient pressure and the intensity of light emission using either

Photocircuit I or Photocircuit II. A typical pair of traces using

Photocircuit I is shown in Fig. 34; a typical pair of traces using

Photocircuit II is shown in Fig. 39. Both the transient pressure traces

and the light emission traces had an identical carrier wave frequency.

Since frequencies of the order of 1000 cycles per second were used, the

relative timing between the traces was no better than about 0.5 msecs

(2) Simaltaneouis aeasurement of the transient pressure and the onset

of light emission using Photocircuit III. A typical pair of traces are

shown in Fig. 44. The photoelectric trace in this case is a single

line trace. The break in the trace indicating the- onset of light

emission could be referred to the pressure trace so that an accuracy

in the relative timing of the order of 0.2 msec. could be obtained.

(3) Simultaneous measurement of transient pressure and injection rate

using Photocircuit III. A typical pair of traces are shown in Fig. 42.

The relative timin between the traces is probably accurate to 0.2 ue.

since again the photoelectric trace was a single line.

The absolute standard of time was the frequency of the 60 cycle

A 0 line. The line frequency was shown by McKinney to be very accurate.

The pulse generator was synchronised with the A C line, so that the

blan1ing pulses on the traces occurred at precise y known intervals.

In practice, it was convenient to preset the carrier wave frequency to

either 1080 cycles or 1200 cyclea by ocaparing the carrier wave signal

Li to the 60 cycle signal from the line. This was accomplished by
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observing the Lissajous patterns on the oscilloscope. The 1080 cycle

frequency shows 18 cycles for every cycle of the line voltage while

the 1200 cycle frequency shows 20 cycles. The setting could be checked

on the resulting trace by counting the number of cycles of the carrier

wave between each blanking pulse.

The data for the ignition delay of the fuel-oxidant systems that

were studied are sumarised in Table 39 and Table 40. The ignition

delary referred to the pressure rise is given in Table 39. The data

shown in the table were obtained from simultaneous measurements of the

injection rate and the transient pressure. The observed time from the

beginning of injection to the beginning of the pressure rise was cor-

rected for the time (1.3 asec.) required.for the first pressure pulse

to travel to the diaphragm of the strain gage. For each system, at

{ least one simultaneous measurement of the transient pressure and light

emission was made to verify the fact that the onset of light emission

and the beginning of the pressure rise occurred .simultaneously within

the experimental error of the measurement. The total range of the

observed values for the ignition delay are given in the fourth column

of Table 39. Only the reaction of 1.15 moles of hydrogen peroxide with

one mole of bydrasine did not show a delay reproducible to within one

me. The accuracy of the measurements was probably no better than

one Ac ,

The data obtained for the ignition delay in the reaction of equal

volumes of nitric acid with 1 drwsne, liquid ammonia mixtures are

shown in Table 40. The ignition delay referred to light emission is

given, since no injection rate measurements could be made when the

reactor was located in the low temperature bath. The observed time
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from the beginning of the time base (the closing of the contacts in

the pneumatic injector) to the onset of light emission was corrected

for the average time (1.2 me.) between the beginmog of the ti" base

and the beginning of injection. It will be recalled that this tip

varied between 1.0 and 1.5 mes. for injection rate measurements of

other systems. The mixture containing 2.7% bydrasine ignited only in

one rmn. In two others, no ignition was observed.

Table 39. Results of Ignition Delay Studies of Fuel-Oxidant
Systems

Ignition delay,
Reactant ratio, referred to the

Fuel Oxidant moles oxidant pressure rise,
per mole fuel in msec.

N2H4 HNO3  0.352 to 2.87 0.0 - 0.9
06 5 2  H03 8.18 1.2 - 2.3

114 202 1.15 0.1 - 2.2*
NH22 H2*14 1.3- 1.7

Ignition delay not reproducible.

The lowgest ignition delay that was observed for any of the reac-

tions studied in the present research was 2.9 mec. These values are

much lower than those observed for siilar systems by other investi-

gators. *The most striking example is found for the System aniline vs.

23
nitric acid. Gunn observed a delay of 410 meca. for this system in

the refined open-cup apparatus. A delay of 1.2 to 2.3 mse. was found

for this system in the present study. The Kellogg Go.22 found a delay

of 5 msec. for the reaction of 96% hydrazine with 96% nitric acid in

the small rocket motor. A delay of 0.0 to 0.9 mcs. was observed for
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the reaction of the anbydrous reactants in the present study. The

Kellogg Co. also found delays ranging up to 37 meec. for the reaction

of red fuming nitric acid with a mixture of amionia and hydrasine

containing 5.0% bydrasine. They observed a long delay in the reaction

of white fuming nitric acid with a mixture of ammonia and bydrazine

containing 2.2% bydrasine. The results obtained in the present study

for the reaction of nitric acid with ammonia, hydrais i-tures

showed an ignition delay of 2.9 msec. for a mixture containing only

2.7% bydraz e. The 2.7% mixture, however, did not ignite at all in

two cases.

Table 40. Results of the Ignition Delay Studies of the
Reaction of Equal Volumes of Nitric Acid with
Hydrazine, Liquid Amuonia Mixtures

, Fuel mixture, Ignition delay
weight per cent Temperature referred to light

hydrasine range, in °C emission, in msec.

100 22 to 30 1.0
9.0 -33 to -35 1.0 - 1.4
2.7 -38 to 41 2.9*

*Result of one run, no ignition occurred in two other rims.

The short delays observed for the fuel-oxidant reactions studied

in Reactor II are probably a result of two factors: (1) the mixing

process did not cause a sigzificant delay, and (2) the turbulent

nature of the mixing process added impact energy to the explosive

mixture. No previous investigation has been made of the phenomena

of the self-ignition of fuel-oxidant systems inder conditions where

the efficiency and time of mixing has been so clearly demonstrated.
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It is not likely, however, that the very rapid ignitions can .be attrib-

uted to the improved mining alone.

An unignited mixture of a fuel and oxidant such as bydrasine and

nitric acid can be likened to a 1Lquid explosive such as nitrog]7cerine.

Nitroglycerine can be ignited by Impact alone. Bowden, et al. "have

studied the ignition of nitroglycerine by "impact."2 They found that

thin sheets of the material on an anvil would not ignite even under

the influence of a rather strong hamer blow unlesp gas bubbles were

present in the liquid. The authors concluded that the high tempera-

tures produced by the adiabatic compression of the bubbles were

responsible for the ignition. It was possible to estimate crudely the

zininum ignition energy required to ignite the material by estimating

the size of the bubbles and the compression ratio. 4 A value of 10- 8

calories was obtained. This value is of the order of magnitude of the

minimm ignition energy of gaseous mixtures found by more precise

methods involving spark ignition. It is thus reasonable to suppose

that the impact and turbulence associated with the mixing process in

Reactor II could have reaulted in immediate or nearly imediate

ignition.

This conclusion also results from the failure to observe a

systematic :ncrease of the ignition delay as the bydrazine concen-

tration was decreased in the hydrazine, amonia mixtuxes. The ignition

delor increased to only 2.9 msec. for the mixture containing 2.7%

bydrasine. The runs made of this mixture that failed to ignite indi-

cated that the impact energy was just insufficient to ignite this

mixture. Instead of observing a longer and longer delay as the

bydrazine concentration or 'the temperature was decreased, a point Was
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reached where the mixture simply failed to ignite. Such behavior is

more indicative of ignition by mechanical shock than it is of thermal3y

initiated ignition showing an induction period due to the rate of a

chemioal reaction.

A study of the ignition delay of gaseous mixtures of ydro-

carbons and oxygen was made by Jost and Teichmann 4 3 by a rapid com-

pression method. They obtained a straight line when the logarithm of

'the ignition delay was plotted against the reciprocal of the reaction

temperature. The plot was linear from delay values of a few msec. to

over five seconds. The fact that the data could be represented by an

Arrhenius equation indicates that the delay determining factor was due

to the rate of a chemical reaction. The experimental results obtained

in the present study show, nevertheless, that fuel-oxidant systems

previously thought to have long ignition delaya will ignite in a very

short time under violent mixing conditions.

The results reported by McKinney for the reaction of sodium-

potassium alloy with water in Reactor I were explained as a result of

the studies made during the present research* It was found that the

reaction produced hydrogen at a rate equal to the injection rate of

the reactor. The first large pressure maximum was a result of local

heating due to a delay in descent of the small piston. The second

large maximum was the result of an explosion between the hydrogen

produced by the reaction and the oxygen present initially in the

reactor atmosphere. The explosion was delayed about 80 msec. with

respect to the beginning of injection. The delay was decreased to
about 40 msec. when the oxygen content of the reactor atmosphere was

decreased to 5 or 10%. The explosion was prevented entirely when the
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oxygen content of the atmosphere was reduced to 5. or 10% and when a

small amount of acetaldehyde was added to the water. The acetaldehyde

presumably removed the dissolved oxygen from the water.

The reaction of sodima-potasaium alloy with an excess of 10 M KOH

solution also produced hydrogen just as rapidly as the solutions could

be mixed. The ignition delay of the bydrogen, oxygen reaction with

normal air in the reactor was found to be 44 msec. Uhen the oxygen

content of the reactor atmosphere was reduced to 5 or 10%., the delay

decreased to 22 msec.

The long delays obtained in Reactor I for the ignition of the

bydrogen, oxygen mixture indicated that the reaction was initiated bmr

chain cairiera produced in the reaction of the alloy with water. The

very low pressure overawing noted for the production of hydrogen in

some of the runs shOWni in Table 20 indicated that the temperature did

not ris) high enough to cause thermal ignition of the hydrogen, oxygen

reaction. It iv also unlike3y that the turbulence of the mixing pro-

cess wis responsible for the ignition since it is well known that

flame will result when sodium is brought into contact with water under

loss violent conditions. The long delay also indicates that this

mechanism was not responsible for the ignition. The actual chain

cOarier liberated by the initial reaction cannot be stated with

cezitinty. A possible initiating reaction is expressed in 3q. 25:

I,(25) M + 2o---> n + H"

The hydrogen, oxygen reaction has been initiated at room temperature

by introducing hydrogen atoms from a discharge tube.4 The signifi-

cance of the ignition delay is uncertain because of the uncertainty
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(associated with the process whereby the hbydrogen produced by the alloy

reaction mixed with the oxygen already in the reactor.

The data obta~ied for the alloy, water reaction in Reactor II

indicates that there was no ignition delay for the bydropn, oxygen

explosion. The heat produced by the reaction of more nearly equal

quantities of reactants may have been sufficient to cause ther al

ignition of the hydrogen, oxygen reaction. The reaction of the alloy

with ethanol in Reactor II also gave rise to a powerful explosion.SThe ignition was delayed between 1.8 and 5.5 msec. It is likely that

the explosion was initiated by chain carriers produced in the reaction

of the alloy with ethanol. It is possible, however, that temperatures

were produced that were high enough to cause thermal ignition. The

allay, ethanol reaction carried out in the absence of oxygen showed a

slow, pressure increasing reaction that was not completed for about

an hour. The alloy was in excess so that the slow, pressure increasing

reaction probably involved a further attack of the alloy upon the

alkali ethoxide.

The analysis of the products of the reaction of bydraeine with

nitric acid provides some information regarding the reactions involved.

The reaction is highly exothermic. The adiabatic flame temperature

for two reactant ratios are calculated in Appendix IT. The calcula-

tions are based upon the assumption that the reaction occurs adiabat-

ically, i.e., all of the heat of reaction is used to heat up the

products of the reaution. The calculation gives the equilibrium

composition of the products at the calculated flame temperature as

well as the equilibrium pressure that would be attained in Reactor.II.

The calculated results for the reaction of one and one-half volumes
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of nitric acid with one volqms of 1Vdrazine (26.0 millimoles R103 and

23.2 millimoles 112%4) are given in Table 41.

The one and one-half to one vollme ratio is close to the stoichio-

ntric ratio expressed in Eq. 21. The average maximm pressure cbserved

in the reactor for this reactant ratio was 31.7 atm. This is to be

compared to the calculated equilibrium value of 86.4 atm. The discrep-

ancy indicates that two factors are operative that prevent the reaction

from reaching an equilibrium conditions (1) the reaction is quenched

through contact with metal parts of the reactor which were originally

at room temperature, -and (2) the products of the reaction of the material

first injected into the reactor lose a large amount of heat to the

reactor parts before the injection is completed. The observed products

of the reaction for the one and one-half to one ratio are given in

Teble 41. Equilibrium Composition of the Products of the
Reaction of 26.0 millimoles HNO3 and 23.2
millimoles N2H4 in a Volume of 339 cc.*

Partial pressure
Component in reactor, Millizoles Adiabatic flame

in atm. temperature

N 32.93 45.81 29.77 0K
Eo 40.84 56.81
02 7.50 10.43
OH 2.28 3.17
NO 1.8 2.56

0.64 0.89
0 0.30 0.42
H 0,1L 0.15

B02  0.01 0.01

Total 86.44

*One atmosphere of air was included in the calculation.
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Table 31. The total quantity of the oxides of nitrogen remaining in

the reactor including the residual nitric acid involved 7.6 milliatoms

of N. The maximum quantity of NO to be expected from the therno-

dynamic calculation involved only 2.6 milliatome N. It is thermo-

dynamically impossible for axi more NO or other nitrogen oxide to

have been formed during the cooling process, since they become less

stable with respect to the elements as the temperature is decreased.

It was thus concluded that the reaction itself was quenched before

equilibrium could be reached.

One can make a fairly accurate prediction of the expected final

coposition of the products at room temperature assuming that the

equilibrium composition was obtained at the high temperature. The NO

existing at the high temperature would be converted to NO2 as the

mixture cooled. The NO2 would then react with sone of the O and H20

to form HNO3 according to Eq. 22. The radicals would, however, recom-

bine to form N2, 02, H2 and R20. The hydrogen would very likely be

converted to water in the presence of the excess oxygen. This would

still leave some free 02 in the mixture, however, none was observed.

Even a trace of oxygen would have been found by the mass spectrometer

analysis. It appears that the quantity of NO and NO2 formed in the

reaction was sufficient to tie up all of the oxygen. The quantity of

N2 found in the reaction mixture was high enough so that it was

un2ikely that the N came entirely from the hydrasine. The large

quantity of nitrogen oxides found indicates that the nitric acid was

not converted directly into nitrogen but that nitrogen oxides were

formed as intermediates.. The nitrogen oxides were then thermally

decomposed into'the elements at a slower rate.
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The. analysis of the products of the reaction in excess bydrasine

(shown-in Table 33) showed the presence of substantial quantities of

ammonia. The amount of N2 found was high enough so that the nitrogen

originafly contained in the hydresian and that originally in the nitric

acid prust have contributed to the nitrogen found as N2c The amonia

18
mine present in the reaction mixture. Murray and Hall found that

the stoichiometry of hydrasine decomposition flames could be expressed

by Zqo 26:

(26) 2 N2H -- N 2  + H2 + 2 NH3

The fact that so much ammonia was found in the reaction products in the

* hydrauine excess case and that none was found in the acid excess runs

indicates that ammonia is not an intermediate in the oxidation of

hydrasine by nitric acid. The low rate of ithe homogeneous decomposi-

tion of ammonia has. been pointed out in a previous chapter. It was shown

that ammonia often persisted in high temperature reactions even thogh

ammonia is unstable with respect to the. elements at temperatures of. the

order of 15OO0K or higher. Slight traces of NO and N20 were also found

in the reaction mixture for the hydrn. $ine excess reaction again indi-

cating that oxides of nitrogen are intermediates in.the reduction of

the acid.

The bydrogen found in the reaction of equal volumes of the reac-

tants (Table 32) and in the reaction of two volmes of hydrazine with

one volume of acid probably resulted from the thermal decomposition

of the excess bydrazine and from the decomposition of some of the

( ammonia also formed by the decomposition of the excess hydrazine.
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The adiabatic flame temperature for the reaction of four volumes

of nitric acid with one volume of hydrazine was calculated since this

ratio would have the lowest adiabatic flame temperature of un of the

reactant ratios studied. The results are shown in Table 42.

Table 42. Equilibrium Composition of the Products of the
Reaction of 23.2 millimoles ydrAsine with 66.7
millimoles of Nitric Acid in a Volume of 339 cc.

Partial pressure
Component in reactor, Millimoles Adiabatic flame

in atm. temperature

N2  30.13 66.98 1859°K
H 0 3585 79.71
02 28.12 62.52
NO 0.38 0.84

OH 0.05 o.11
NO 2 0.02 0.04

Tota- 94.55

The average value of the naxmum pressure observed for this ratio

was 23.4 atm. Again it is apparent that the reaction did not reach

equilibrium. The quantity of nitrogen oxides that could be obtained

by cooling a mixture of the composition shown in Table 42 would be

very small. Very large quantities of NO2 were found in the analysis

of the products shown in Table 30. The quantity of nitrogen found as

N2 was somewhat less than the amount contained in the original hydra-

sine. It is likely that the nitrogen came entirely from the hydrazine.

The nitrogen originating in the acid formed nitrogen oxides. The lower

reaction temperature and the rapid quenching of the reaction was such

that very little of the oxides were decomposed into the elements.
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Much of the NO2 probaby resulted from the thermal decomposition of

.the excess nitric acid into water, oxJgen and nitrogen dioxide.

If the entire quantity of reactants coued have been contacted in

such a way as to avoid eneg transfer to the reactor parts. the calou-

lated compositions wou.d have been obtained. The reactions studied in

the reactor were clear2y stopped short of completion. The long duratin

of light emission observed for many of the reactant ratios indicates

that reaction was not stopped the moment that the mixture contacted the

reactor wal.s. The 'very low maximum pressure, however, shows that a

large fracton of the energ must have been removed from the mixture

during the firt few msec. of reaction. The compounds such as ammonia

and the nitrogen oxides that were found in the products were thus

stabilized by energy loss to the reactor.

The effect of a non-reproducible ignition delay upon the maximum

pressure is shown in Table 35 for the reaction of equal volumes of

hydrogen peroxide and hydrauine. It was shown that in one run ignition

did not occur until after injection was completed. The maximum pres-

sure was much higher than that observed for the runs in which a shorter

delay occurred. This observation shows that less energy was lost to

the reactor when the reaction rate was not limited by the injection

process.

(



CHAPTER VII
COMCLUSIONS

1. A constant volume reactors, Reactor II, was designed to rapidly

contact and mix two liquid reactants in a volume ratio ranging from

4 t 1 to ! 1 1. The reactor employed a mixing pattern designed accord-

ing to the principles set forth by Roughton and Chance.

2. The reactor was easily adapted to a change of the mixing

pattern and could be immersed in a thermostatic bath. Satisfactory

operation was obtained at temperatures as low as -40 0C.

3. A photoelectric method was devised to follow the course of

the injection. The injection of 2.2 cc. of water was achieved in

1.7 usec. A somewhat longer time was required for the injection of

reacting fuel-oxidant systems because of the thrust created by the

reaction process.

4. A fluid mechanical calculation of the injection rate was

shown to agree with the observed rate of water injection. The calcu-

lation and the obsred results provide information for the designer

of a future rapid injection system and indicate that still more rapid

rates can be obtained.

5. Reactions were studied in the reactor by following the

transient pressure and the light emission. The transient pressure

measuring system of MoKinney was found to be very suitable. Several

original photoelectric circuits were devised to follow the light

emission.

6. Periodic vibrations of the transient pressure were found to

occur during the early stages of the reactions under study. It was

necessary to attenuate these vibrations in order to secure

202
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interpretable records of the transient pressure. It was suggested

that this phenomenon might set an upper imiit to the speed with which

chemical reactions may be followed by measuring their pressure.

7. The rate of mixing in the apparatus was shown to be very

rapid by reference to measurements made by other investigators who

employed geometrically similar mixing patterns. The hydrogen evolu-

tion in the reaction of sodium-potassium alloy with water was shoin

to be completed simultaneously with the completion of injoction, indi-

cating that the mixing was also completed during the injection period.

8. The two pressure maxima reported by McKinney for the reaction

of sodium-potassium alloy with excess water were explained. It was

shown that the first maximum was a result of local heating due to the

uneven descent of the two pistons (Reactor I). The Second maximum was

Ii found to be a delayed explosion of the hydrogen produced by the reac-

tion with the oxygen present originally in the reactor atmosphere.

The explosion was delayed up to 86 meoc. It was likely that the

explosion was initiated by chain carriers produced in the allay, water

reaction.

9. The reaction, of equal quantities of sodium-potassium allcy

and water was found to be completed in a time equal to the mixing time

of Reactor II. Ignition was found to occur between the hydrogen pro-

duced by the reaction and the oxygen present in the reactor atmosphere

without a measurable delay.

I10., The reaction of equal quantities of sodim-potasima alloy

with ethanol was also found to initiate the bydrogen, oxygen reaction,

An ignition delW of up to 5 msec. was observed.

32. The ignition delay for certain reactant ratios of several
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fUel-oxident aystemis were measured and found to be less than 3 mec.

in every case. The systems included:

A. )drazine vs. nitric acid

B. Aniline vs. nitric acid

C. Irdrazine vs. hydrogen peroxide

D. 1tdrazine, liquid ammonia mixtures vs. nitric acid

The delays were significantly lower than those observed by the other

investigators who employed mixing methods where the efficiency of mix-

ing was most uncertain.

12. The very short ignition delays were attributed to (1) the

rapid rate of mixing in the apparatus and (2) the impact and turbulence

associated with the mixing process.

13. There was a negligible effect of the reaction temperature or

( of the hydrasine concentration on the ignition delay of the reaction

of nitric acid with liquid ammonia, bydrasine mixtures. This result

'was more indicative of ignition by impact than it was of ignition

controlled by the rate of a homogeneous chemical reaction.

14. The adiabatic flame temperature and the equilibrium composi-

tion of the products of the reaction of bydrazine with nitric acid

were calculated, The adiabatic flame temperature for an acid rich

mixture was calculated to be 1859°K the temperature for a near

stolchionetric mixture was found to be 29770K.

1 . An analysis was made of the products of the reaction of

four different ratios of the bydrauine, nitric acid reaction& The

products and the observed explosion pressures indicated that the

reaction was quenched by energy loss to the metal parts of the veactor

before 9quilibrium was reached. The products -of the reaction indicated
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that the nitio acid was first reduced to itermediate nitzogen oxides.

The idatio of the lbdraszns did not appar to proosed through

asonw4a as an Intezedi.ate-., although ow aumonia was formed in the

bydrsine rioh mixtures presupab.y as a result of the thermal deccm-

position of the excess vdratino.
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The following is an attempt to predict the injection rates obtain-

able with Reactor II, The formulae to be used are empirical relations

found in standard engineering treatises. 3 40 5 The fluid mechanical

system is shown schematically in Fig. 1. One of the fluids to be mixed

in originally contained in the cylinder below the large piston and the

other in the cylinder below the small piston. Each fluid flown from

the cylinder throgh a lead tube into a jet and finaUy into the exit

tube where wAMn occurs. The mixed solution then flows into the

interior of the reactor.

t must be assumed that the flow is steady, i.e., the equilibrium

flow velocity is attained almost instantaneously and remains constant

throughout injection. The flow in all ducts must be turbulent, i.e.,

*the Reynolds number is greater than 2100. The frictional losses at

each point in the flowing flid will be estimated separately. The

following is a List of symbols to be used in conjunction with Fig, 1.

All pressure tems are in lb. per sq. in., all area terms are in sq.

cm., all density terms are in gi. per cc., and all linear flow

velocity terms are in ca. per see.:

P a pressure of driving gas
PI = pressure of fluid in large cylinder

P a pressure of fluid in small cylinder
P pressure of fluid in the exit tube
AD - area of driving gas cylinder

11- area of large reactant cylinder

A . a area of small reactant cylinder
-- area of lead tubes

k 3 - area of jets
AU" , area of exit tube

206
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Fig. 1. Schematic Diagram of Fl.uid Mechanical System
of Reactor IL.
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0
A a area of exit tube occupied by fluid originaly7 contained
A1 in the arge cylinder

area of exit tube occupied by fluid originally contained
in the small cylinder

P - density of fluid originally contained in large cylinder
P1 - density of fluid originally contained in small cylinder

u1  - linear flow velocity of fluid in either cylinder
u2 - linear flow velocity of fluid in lead tube
U3 - linear flow velocity of fluid in jet

*u linear flow velocity of the mimed solution in the exit tube

The force applied to the driving piston by the driving gas is the

product of the pressure of the driving gas times the area of the drivirg

piston. This force is transmitted to the two smaller pistons. If F1 is

the force transmitted to the larger of the two pistons and Fi the force

transmitted to the smaller one, then the total force is

(1) P A Fu

If we let r a F-1(F 1 + F), the pressure of the fluid in the cylinders

is

(2) P1 m F1 /A1 - (1 - r)(AD/Al) P

(3) P1 - F,/A1 a r (%/A)P

The flow of the fluids originally contained in each cylinder will be

treated separately. It will be assumed that each fluid ccupies a

separate portion of the exit tube in such a way that the linear flow

velocity of the fluids are equal and equal to that of the mixed solu-

tion. If A4 is the actual area of the exit tube and A is that

portion of it occupied by the fluid originally contained in the large

cylinder, then

(4) A - &4 A, +A/
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Of
and similarly~ for A14 the ar'ea occupied by the fluid orinafly con-

tained in the sma" cylinder

(5) AA 4  A04 A1 . A 1 /

Let us first treat the flow of the fluid from. the large cylinder.

This fluid is under a pressure given by Eq. 2 and is contained in a

duct having an area A,. It is flowing at a linear velocity uI which

is necessarily equal to the rate of descent of the piston system. It

has a density P. Eventually the fluid reaches the exit tube. Here

it is under a lower pressure P4, it has a linear velocity u4 and it is

contained in an area given by Eq. 4. Its density will be assumed to

be the same as it .was originally. The mechanical energy balence be-

( tween these two flow cross-ections is

(6) + p u 2 + P4

where 0 - 68,9947 dyes per sq. ca. / lb. per sq. in.

EF sum of losses of mechanical energy due to turbulent
friction in dyne cm./gm.

Relations between the various linear flow rates result from the fact

that the mass rate of flow is the same in all channels. The mass rate

of flow is

(7) V . u 1 A 1 P. 2A p. u3A 3p. u A#
144

Hance u4 can be eliminated from Eq. 6 using u4 - u, A /A.

Rearrarging Eq. 6

(8) P,- P4 . + -2 G G
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where R1

An the fluid flows from the cylinder into the lead tube, the

flow qros&-section is sudden3y reduced. There is thus a frictional

loss of energy. The energy loss occasioned by a sudden reduction of

cross-section is given with good accuracy by

29 (lA02 .4 for L2 < 0.715
~99F 2  2**~* A, \l

Zl4minatdng U2 l uA,/A 2

(10) F 02 B1,2 2

i where B )2 0.50 - oJ 0 A 2

The flow from the lerA tube into the jet involves a 900 bend and

a further reduction of the flow cross-section. 'This will be treated

by calculating the losses expected for a sharp 900 bend in a duct of

constant cross-mection and by considering a separate reducti i loss.

The loss due to sudden reduction of cross-section is given IV

1.71
(I)0 u - .0 for 3 0.73

2

(12)3 " U C

where o. (~2 [os0o 0()

I, 2

t2
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The losses due to the 900 bend will be treated later.

The flow from the jets into the exit tube is again accompanied

by a sharp 900 bend and either a reduction or an enlargement of the

flow cross-section. The loss of energy due to the sudden change of

crops-seotion after eliminating u3 and uw using Eq. 7 is

(13) , 1  2 o

wh~ere j a (7_)2 [05o~ 0.4o0(-.) 4 < 0.715
(A42 A04 0

l a .75 1 o.75 < < 1.00

The loosen occurring at bends in a pipe line are usually calcu-

1 lated on the assumption that an effective straight length of pipe

can be substituted for the bend. The losses due to turbulent friction
i in a straight length of pipe can be calculated with good accuracy by

S(14) F, a 4 f

where f is the Fanning friction factor
L is the total effective length of straight pipeD ip the diameter of the pipe

The friction factor f is a function only of the Reynolds numbers It

can be expressed as

(15) f m 0.oo o + o.325 Re- 3 2

For the present case it is necessary to estimate an effective length

II,
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to allow for the two 900 bends and to evaluate the Reynolds number.

The Reynolds nuWmr is given by the dimensionless ratio

(16) Re . ,

where p is8the viscosity of the fluid.

Since the friction factor is affected only slightly by small

changes in Re, it will be assumed that flow conditions in the jet

represent the conditions in azr flcw section. This is reasonable since

the principal losses occur in the 90° bends and the bends adjoin either

end of the jet. The viscosities of the liquids to be considered, i.e.,

water, nitric acid and bydra.ine, are very close to one centipoise at

room temperature. This valve will then be used for all calculations

* involving these materials. The density of nitric acid is higher than

(t that of either water or hydrasine so that the proper values will be

used.

A generally accepted value for the effective length equivalent

to a sharp 900 bend is 75 diameters. The turbulent losses occurring

in the actual straight sect-lons will be estimated to be equivalent to

eight diameters. Since there are two bends equivalent to a total of

150 diameters and straight sections equivalent to about 8 diameters,

Eq. 114 becomes, eliminating u3 by means of Eq. 7:

(17) F u2f

2

here 000.32

E 4 18 ,)
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All of the losses can be substituted into Eq. 8

2
(18) P.P4 " (H + B + C + J + E f)

A similar e~pression for the flow of the fluid original)r contained in

the small cylinder can be derived
St 2

(19) PI"- (HI + BI + C' + JI + El')

u, for both fluids is the same and is equal to the rate of descent of

the piston system. P4 is the same in both cases since both fluids pass

through the same e2t tube. P1 and P in Eq. 18 and Eq0 19 can be

expressed in terms of the driving pressure P with the help of Eq0 2 and

Eq. 3. r can then be eliminated between the two resulting equations

and the final result is obtained:

(20) AI Al (H+ B + C + J+ E f)Al (1A{) P P4 2 0

S+ P + (HI + BI + C + JV + Efft

It should be noted that the coefficient of P in Eq. 20 is the ex-

tent of the hydraulic advantage gained in having a single large piston

drive smaller ones, i.e., it would require a pressure equal to or

greater than LA/(Al + Ai) P in the interior of the reactor before

injection could be stopped. P4 is the pressure in the exit tube; it

must also be the pressure in the interior of the reactor since the exit

( tube discharges into this relatively large air space. In marW of the

cases to be considered this back pressure is negligible in comparison
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with the first term in Eq. 20. The term on the left hand side of Eq.

20 is essentially the total pressure drop. The rate of descent of

the piston system ul would be proportional to the square root of th6

pressure drop except for the slight dependence of f and ft on u1 .

I For a given set of conditions, the injection rate may be calcu-

lated as follows: The terms involving only the reactor dimensions

(A D i Al, H, H, B, B,, 0, C, J, 2, and E,) are calculated and

substituted in Eq. 20. The value of these term depends only upon the

reactant ratio under consideration. The densities of the fluids are

then substituted into Eq. 20. A series of reasonable flow velocities

u1 are assumed. From thee,, the viscosities of the fluids and the

densities of the fluids, the fraction factors f and ft are evaluated

by means of Eq. 17* Using the assumed u1 value and the corresponding

(friction factors, the right hand side of Eq. 20 is evaluated. Neglect-

ing P4W the value of P Is then calculated as a function of the injectica

rate uI . The injection rate is conveniently expressed as the time

required for the piston system to descend seven-eighths inch, the

stroke used for most of the runs. The injection time t, in msec.,

is related to the injection rate according to Eq. 21:

2222
(21) t 2 -

ul

Calculations were made for the injection of water from both

cylinders for the one to one ratio and the four to one ratio. Calcula-

tions were also made for the mixing of bydrasine and nitric acid for

all reactant ratios except the four to one ratio with bydrauine in

excess. The important dimensions of the injection system are given

in Tables 1 and 2.
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I Table 1. Dimensions of Reactant Cylinders, Reactor II

Diameter Diameter A1  A1

Nominal of large of small Area of Area of
volume cylinder, cylinder, large small
ratio in inches in inches cylinder, cylinder,

in sq. cm. in sq, cm.

1 : 1 0.502 0.257 1.277 0.335
2 : 1 0.'76 0.257 0.716 0.335
1.5 : 1 0.314 0,257 0.498 0.335
1 : 1 0.314  0.314 0.498 0.498

Table 2. Dimensions of Injection Ebstem, Reactor I1

item Diameter, Area, in Symbol

in inches sq. cm. for area

Driving cylinder 1.000 5.067 AD
Lead tube 0.152 0.317 A2
Jets 0.098 0.049 A3
Exit tube 0.152 0.117

The results of the calculation of the driving pressure required

to obtain the aosmid injection rates for the water injection are

shown in Table 3. The results for the hWdrazine, nitric acid injection

are given in Table 4. Any desired pressure, injection rate value my

be obtained by graphical interpolation from a plot of the results given

in Tables 3 and'4.

4
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Table 3. Calculated Values of the Injsction Time for the
Water Injection

Reactant Injection time, Driving pressure,
ratio in msog in lb. per sq. in.

i:1 1.0 2310
1.4 12301 .7 85
2,0 630

2.3 486
2.6 387

S2.9 3136

4:l 2.6 2840
3°0 2170
3.4 1720

3.8 1390
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Table 4 Calculated Values of the Iection Time for the
Ritrc Acidp l~drasine In jection

Reactant Reactant Injection time, Driving pressarep

ratio in excess in nseo° i lb. per sq. in.

4 HNO3 3.4 2380
4.o o.750
5.0 1160
6.0 822
7.0 617

2 : 1 HN03 1.5 2270
2.6 809
4.o 363

1.5 IHMo 3  1.0 1970
2.0 536
3.0 25"1

i1 tl1.0 2800
2.0 760
3.0 357

1.5, 1 %10. 1680
2.0 I59
3.0 216

2 1 N 2A 1. 1 780
2.6 636
4.0 285

I'



APPENDIX II
FLUID DYNAMIC ANALYSIS OF GAS FLW IN TIZ PNEUMATIC INJECTOR

The following analysis is an attempt to determine the pressure

drop due to nitrogen flow in the pneumatic injector durin injection.

The gas flow will be assumed to be steady and isothermal. A schematic

diagram of the fluid mechanical system is shown in Fig. 1. During

injection the flow approximates a steady Joule-Thompson expansion from
a constant pressure P3 to a lower constant pressure Pl. The gas will

be assumed to be ideal.

It is shown in a paper by Beale and Docksey3 7 that the Bernoulli

equation for the flow from P3 to P2 may be expanded to include the

turbulent energy loss occasioned by the sudden reduction in cross-

*action as the gas expands from P3 to P 4 Their result is expressed

in :q. I:

PmP3 (i+ 2) ($2) 27

(1) P3 - P2 4fk+2Jin-. 1+P 2 G2-
)] + 3 /3

where P are pressure terms in lb. per sq. in.fi is the Fanning friction factor

L is the total length of duct
D is the diameter of the duct

P2 is the density of gas at the pressure P,. in gin. per cc.
v2 is the linear flow velocity at the point where the

pressure is P2 , in ca. per sec.
a is 68,947 dynes per sq. cm./lb, per sq. in.

The density P2 is related to the original density of gas in the

storage reservoir according to Eq. 2t

(2) p2  2pP2() P2 -P3 p

We can define a quantity r as follows:

218
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(3) P2

P3

1,brtitut:rg Eq. 2 and Eq. 3 into Eq. .1 and rearranging, Eq. 4 is

oiAined:

Wr2.1u Lr
2  2

,,3  D r 2 - .r

The, left hand side of Eq. 4 can be simpidfied through the perfect gas

law,

GP3 RT
(5) - - _P 3  K

uhent R - 83.15 x 106 t cc., a 2 ,le "I  ok-

T - 3000K
N a 28.02 gm. per mole

Substituting Eq. 5 into Eq. 14v Eq. 6 is obt~mn .

ItT 1, r. 2Z1
(6) T f L+ 2 In +, r- -2

Doge36 points out that for high velocity flow of gases, f is

substantIal. *onst--- at a 0.00r404.,ee amtwo 900 ben4. ft the dnet

o,,nct ag the gas storage reservoir and the driving cylinder. Each

bend camms a frictional loss of mechanical energy eqvivalent to about

75 dimtvitr of straight duet. The total legth to diameter ratio is

then ,bcat 150. This treatment neglects the energy losses due to flow

through the actual straight lengths of duct and the losses created by

certain irregularly shaped components located in the valve of the

injector so that the result should be conservative. Substituting these

constants into Eq. 6, we obtain Eq. 7:

(71) R T 11 r2K7 T E + r

]u
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Eq, 7 can be solved for u2 as a function of r.

The effective pressure on the driving piston P1 is, however, not

involved in Eq. 7. It is necessary to relate the pressure P2 to the

pressure P 1. This can be done by using the expression for the enlarge-

mnt loss occurring during flow from the pressure P2 to the pressure PI.

The generalized expression for the losses occurring during a sudden

enlargement of the cross-section is as follows:

dP
(8 -Id' ul (ul u2)

2

pcan be eliminated by means of the perfect gas law.

(N f2 P ul u(ul- u2)

Eq. 9 can be integrated and rearranged.

(10) - A T n P 2 u 2 )

The ratio u2 /u1 can be evaluated because of the equality of the mass

rate of flow in both the connecting duct and the driving cylinder:

u2 P1 A1(n) u a ....P
I''l P 2 A2

where AI/A 2 is the ratio of the cross-sectional areas. The connecting
duct has a diameter of 0.25 inch and the driving cylinder has a diameter

of 1.00 inch. The ratio of areas is then equal to 16. We may define

x as follows:

(32)
P1
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Substituring Eq. 11 and Eq. 12 into Eq. 10s '&hal idYC w1&tion il l

obtai: o . ..

A aiwple relation exists between 't2 and u4. I. il,.

14 i. obtained:

.16

iu LAs linear velocity of scent ct' toi pistn stem. t is

rul .Rta to the time, in 33 e.,, ,-quiri. to descoed a .o',:,ths

inch "by Mq. 15:

2222

The ratio of the effective driving p:4efouis PI to the t dilure 3 the

gail storage reservoir P3 is given E'Iq. 16: .f1"

P3  4

The procedure used to calcul,&.t Pi/'3, an a function of t, tae;

injection time, was as follows: Va:rious values of t war, wmuiwi "h

Crresponding u,. vaJluns were ther, calculateds from 1&1 15. The vi~e,'

x corresponding to tU UI valliL, ware then clevlated by a triCIL a pt2

eir-mr method uising Eq, 3.. bi corrspondir~g values o~f ww

deterninied from Eq. 3.4.' The iat~s *f r vwvri aawi-d ~o &

for t varioxm vi.1wa or -a . Tie final valuess of P 1 , were 1)

dtzi dnied from r and x accoing to Sq. 16. The iLviabts ofi

wcVIcVilation are given in Tab'I4 1.

•C :
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/A/

TAb4. I~ COculatd Vsluos of the Presivure rop in tha,
Pnei~atic jeotor

Injection t±ime Tlatio of,, eff utiwi driving
in mesa. p'USUm to applly sure

1.7 055
2.0 O.e a
2.6 0.748
3,0 0.792

5..0 o.c,0L
6..o 0 4. 06
8.o o. ,o6

10.0 .7
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sinalyse the material in the storage flask. Acid was transferred from

tihe storage flask to the reactor by means of automatic pipets. The

mrthod of sampling for analysis was also to transfer a sample of acid

(AL.5 gin.) from the atorage S'*,Isk to a weighed 100 ml. volumetric flask

ttr means of the automatic pipet in such a way that no acid touched the

norrow portion of the flask. The flask was then covered and reweighed.

Te volumetric flask was immersed in a liquid nitrogen or dry ice bath

to the neck of the flask for about five minutes. T1e flask could then

1i opened and the solution diluted without fear of losing acidic vapors.

The various classification of concentrated nitric acid solutions

i1.1 defined by S. F. LaKatos in the symposim reprint. The classi-

1r ations were defined as follows: "White Fuming Nitric Acid refers

to nitric acid of concentrations between 97.50% and 99.79% containing

a aximum of oxides of nitrogen of 0.5% as nitrogen dioxide (NO2 ) and

r,. wu.vmum of 2% of water (H20). Red Fuming Nitric Acid refers to

nWv'rnc acid of total acidity values above 100% containing various

a.o'wunts of dissolved oxides of nitrogen which vary in commercial

products from 6.5% to 22% by weight. Anhydrous Nitric Acid refers to

-t olac acid of concentrations from 99.8% to 100.5% containing no more

thnn 0.10% dissolved oxides of nitrogen by weight as NO and no more
2

thcia 0.10% water by weight."

It is necessary to use separate samples to determine the concen-

trn~ionk of HNO3 and that of NO2 . The procedure for determining the

lbotal acidity will be given first: To the frozen sample in the 100

ml. volumetric flask was added about 10 ml. of water and almost a

sto&',chiometric quantity of standard 0.7 N NaOH solution. The solution

in ahr volumetric flask was then allowed to come. to room temperature.

-- - ---- - -
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A drop of phenolphthalein indicator solution was added. Further NaOH

solution was added until the solution was just basic. The solution

was then back-titrated with 0.1 N H01. By using the much more dilute

901 colution, it was possible to locate the end-point very accurately.

The analysis gives the tot4l quantity of HNO3 and NO2 in the sample

since the N02 is converted to E0 3 when the solution is diluted with

water in the presence of air.

Values of 100.2 to 100.8% HNO3 were consistently obtained for the

nitric acid prepared by distillation frm sulfuri-c acid, The NaOH

solution had been standardized against reagent grade potassium acid

phthalate. It was thought possible that the phthalate was impure.

The NaOH was then standardized against freshly prepared 0.7 N HCI that

had been standardized by gravimetric analysis of the chloride. An

identical result was obtained for the norma2lity of the NaOH solution.

The high values of the HN0 3 content were then accepted. It appeared

that the method of preparation produced a small quantity of dissolved

The anaJvsis of NO2 in the fumndg nitric acid was as follows:

To the frozen sample in the volumetric flask was added an excess of

standard 0.1 N ceric sulfate solution. The solution was then diluted

with water and back-titrated with standard 0.1 N ferrous sulfate solu-

tion to the ferroin end-point. The NO2 was oxidized to NO3  according

to Eq. It

(1) N02 + 20- Ce + NO3-  + 2 H+

The ceric sulfate solution was standardised against arsenious oxide

according to Eq. 2:
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(2) As203  + 5 1O + 4 Ce . 2 H3AsO4  + 4 Ce+++  + 4 +

The quantity of NO2 was found to be 0.11% for a badly colored sample

so that the acid used in the reactor corresponded to "anhydrous nitric

acid" according to the definition given above.

Hydrazine was analyzed by the iodate method of Penneman and

Audrieth4 6 and by direct acid titration. The same sampling method was

used for bydrazine. The sample (1 gm.) was transferred to a weighed

100 ml. volumetric flask by means of an automatic pipet. The flask was

reweighed and immersed in a cold bath. Almost a stoichiometric quantity

of standard 0.5 N HCI was then added. The neutralization reaction is

shown in Eq. 3:

S(3) N +- -
(3) H + H ~ N2H5

After reaching room temperature, the sol1A;0jion was further titrated with

the HI solution to the methyl red end-point. The solution in the

volimetric flask was then diluted to the mark with water. Aliquots of

10 ml. were transferred to 250 ml. Erlenmeyer flasks and diluted with

50 ml. of water. Concentrated HCI, 50 ml., was then added to the mix-

ture. The solution was titrated with 0.1 M KIO3 to the disappearance

of the red color of wool red indicator. The reaction is expressed by

Eq.1:

(4) N 2 B4 + 103+ H + C -->ICI + N2  + 3 H20

The direct acid titration gives the sum of the bydrauine and amy

ammonia that might be present. The iodate method, however, is not

... .- - - -- - -
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affected t7 the presence of ammonia, The combination of the two titra-

tions Sives the concentrations of both amonia and hbyrazine. No

, n o, found in the analyses madi of the anldrous hydrazine.

T% bdrogen peroxide (l gm.) was transferred to a 100 ml. volu-

metr. fa*sb 7 means of an automatic pipet. The flask was then

fie solution was diluted to the mark with water. Aliquots

of 10 ml. mrs transferred to titration flasks. The solution was

titrated with standard 0.1 N aerie sulfate solution to the ferroin

end-p int. The reaction is expressed in Eq. 5:

()02 + 2 Ce --- 2 ce + + 2*,

.4 (

(



APPENDIX IV
CALCULATION OF ADIABATIC FLAME TEMPERATUEE6

The adiabatic flame temperatures for two react' nt ratios of the

bydrasine, nitric acid reaction were calculated. 'Th basic heat data
are expressed in Eq. 1 , 4 7 Eq. 2a13 Eq. 3, 8 ad Eq. 4t 4 8

(1) N'2H(1) + 02 -o N2 + 2 H20(1) A H- -148,635

(2) .HNo 3 '(1) 0 0.5 N2 + 1.5 02 + o.5 2 AH - .41,,349

(3) H2o(1) -- H2 .+ 0.5 02 ,H - 68.315

(4) H20(1) H20(g) AH - lo,5o3

The heats of the reactions are given in calories oer mole and refer to

25°C. Eq. 5 and Eq. 6 reslt from obvious cm&,-ai ons of Eq. I to 4,

inclusive:

(5) 03(1) + N2H4(l) - 1.5 N2 + 0.25 02 + 2.5 H20(g)

A &H - -115,186 A E - -117,704

(6) H1o3(1) ---- > 0.5 N2 + 1.25 02 + 0.5 20

A H - 12,,443 AE - 1,110

The energy change for each reaction was calculated from the reaction

heats using the following relation-

(7) AH - AE + AnRT

The first step in the procedure was to calculate the heat evolved

by the hypothetical conversion of the liquid reactants into nitrogen,

oxygen and water vapor at 25 0C. It was also necessary to calculate the

atomic composition of the reactants. The starting materials are given

below for the two reactant ratios under considerations

229
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( Nominal volume ratio 4 -- 1 ~

Moles bydrazine 0.02321 O.023;l
Moles rtric acid O.OW5 0.02599
Moles air: nitrogen 0.01088 O.O10J8

oxygen 0.00289 0.0028.9

Reactor volume, in cc. 339 339

The heat evolved by the conversion iWto nitrogen, otygen and water

vapor at 25°C was calculated using Eq,. 5 and Eq. 6 and is given below

along with the atomic composition:

Nominal volume ratio 4 • 1 1.5 : 1

Heat, in calories 2249.3 2701.0
Gram-atoms N 0.1348 0.09417
Gram-atoms 0 0.2058 0.08375
Gram-atam H 0,,1595 O.1188

The partial pressures of the assumed products at arW temperature can

be calculated by the simultaneous solution of Eq. 8 to Eq. 10,

inclusive:

(8) 2 P2 (N) R-T
2

(9), P o + 2% (0) R T
H2P2 V

(10) 2 P120H - (H) RT

where (N) - Gram-atoms N

(0) a Gram-atoms 0

(H) * Gram-atoms H

The second step in the procedure is to calculate an approximate

temperature. The number of moles of nitrogen, oxygen and water vapor

were first calculated. It was then possible, using the molar energy

content tables given br Lewis and von Elbe,48 to find the temperature
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k~;ahdby the three coaponent mixta through the

-a~h- beat. 'Wes temperattiv for~the 1.5 : 1,
asorptK; Aftk~e 4 1 ratio the tempeirt z~ wnm

atio w~as found to btto~~~ bi -2 , i her than tlme ndlsbatc
18700 K. This trial tuperat1''

temperature because of the fact 1hat the dihsociaion o -Jni-

o~gen, and water vapor were ignored, The dissoition, reactio~ns

require energy thus decreasing the available enerly to raise the

temperature of the products.

The third step in the proce dure was to calcu;.ate the quantity Of

the dissociation PrOdiwits- It was necessary to e"'altiate the partial

pregpures of the nitrogen, o~jen and water vapor bry so1~g2 Eq. 8

to Eq. 10, inclusive, using tbs trial temporwjre given above.* The

partial pmssure values were tlien si~atituted. into the

given below for thie dissociat?.on eqiTU4bria:

(311) a) R2 + 02  F"2 2 LYP

b) o + H ~ i0 P0 ~ K; LP~ P"
b) OR + H2 2mKP~

2 H i.P I

d) 2 0 0* P0  'Kd 2

e2 +~ .022 PNOi K0 P02

f) NO+ 102 - N0 2  PNO 02jP~2 0

g) 2 iN N 9 Kg'P 2

The equilibrum constants for arW temperature weri obtained by graph-.
483(ioal interpolation f rom 1fhe data giVsrA 141 Stir &:z vcu Mle.* The
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theof partial pru'i' otavtl dic-C--4 M+n

The fourth step of the procedut was to correct the material

balance for the p-resence of 4he dizvociation products. This was done

using Eq. 12 to FI. 14, incluasive:*

(12) (N) ,RT (2 PN2 ) * PO + FO NVz3 N2) -+ +N +O +"0 PO

(13) (0) R T (0H,_
22

(114) (H) RoT + 2P FOH+PH

The aOwrs of the d sociation protouc"ei we substituted into the

) equations. New laes of -the partial grtmoure of nitrogen, o37gen

and water vapor imni then obtained so 'ot ot material balance

resulted.

The fifth step of +,1 procedure was to correct the heat balance

for the heat require, to form the dissociation products. It was

necessary to calcula'te the number of moles of each dissociation

product. This was d,;ze using Eq. 15,, the calculated partial pressures

and the trial tompertturea

(15) ni J Pi
R T P

The heat required to form each dissociation product at 2500 from

nitrogen, oxygen and water was calculated from Eq. 16:

( ) *) 120(g) -- . 02 + OH AE 38,811

b) 0 2 + . 2 -- NO A9 - 21j,477

'Yc) 20(g) -4 H2 + - 02 AE - 57,502

d) 58. --- OE 8,737
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,e) o(g) --- Ho+ AZ - 8o,5S

~ 4t4from the tables given by Lewis and Vo llt

Of -1 __ s insfficient to affect the heat bzalaote.

The total heat required to form the ta2 was

subtract d from the total heat given previously. Th resulting i 'sat

was available for heating the total mixture from 25°C to the high

temperature.

The next step in the procedure was a repetition of the second step.

The adjusted temperature was found through the use of the molar energy

content tables using the new composition that included the diszociation.

products. The resulting temperature is below the adiabatic flame

temperature. The concentration of the dissociation producta wan

evaluated at too high a temper.ture so that the calculated" o aoentra-

~ w~c~.~@ i u-Ku. T-e h6ar @quirx Lo foxu the dissociationL

products was then too high leaving too little heat to raise the

temperature.

It was found most convenient to assume an intermedLate tempera-

ture at this point. It was necessary also to estimate the partial

pressure of oxygen, nitrogen and water vapor. The third step was then

repeated. The partial pressures of the dissociation productm were

then evaluated at the new temperature. The fourth step, the correc-

tion of the material balance, then showed whether the correct partial

pressures of the principal components had been assumed. The fifth

ete1r, w.s then repeated correcting the original heat balance. The

second step was repeated to check the assumed temperature.

For the 4 1 ratio, only one additional trial had to be

employed to arrive at 'the correct teraperature and, composition, since
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the low concentration of dissociation products did not seriously

affect the heat balance. For the 1.5 t 1 ratio, it was necessary

to repeat the trial and error calculation six times before accurate

agreement was obtaled between the assumed temperature and composi-

tion and the calculated values. The values used for the final trial

are given belows

Nominal reactant ratio 4 •1 1.5 g 1

Trial temperature, in OK 1858 2970
Trial composition, in atm. P 30.13 32.85

N2
P02 28.12 7.50

PH20 35.87 40.84

The values calculated from the trial values are as follows:

Nominal reactant ratio 4 : 1 1.5 : 1

L Temperature, in OK 1859 2977
Composition, in atm. PN2  30.3 3293

P 28.12 7.50PO02
PH20 35.87 40.84

P OR 0.05 2.28

NO 0.38 1.84

P - 0.64

PO - 0.30

- 0.11PH "0i

PN0 2  0.02 0.01

Total pressure, in atm. 94.55 86.44

The agreement of the trial values with those calculated ip within the

accuracy of the thermodynamic data.
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